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The rapid development of nanotechnology has led to a rise in the large-scale 
production and commercial use of engineered nano-ZnO. Engineered/manufactured 
nano-ZnO are applied in a broad range of products such as drugs, paints, cosmetics, 
abrasive agents and insulators. This can result in the unintended exposure of human 
beings to nano-ZnO and will inevitably result in the release of nano-ZnO in to the 
environment. Thus, it is necessary to assess the risk of nano-ZnO to the environment. 
In this thesis the toxicity of nano-ZnO was analysed using the aquatic, primary 
producer lesser duckweed (Lemna minor), and the mechanism of toxicity was 
analysed. Both short-term (one week) and long-term (six weeks) toxicity of 
nano-ZnO (uncoated) were determined. Results show that the toxicity of nano-ZnO 
added to the aquatic growth medium increases with increasing concentration and that 
toxicity accumulates with exposure time. A study of nano-ZnO dissolution reveals 
that the main reason for nano-ZnO toxicity on Lemna minor is the release of Zn ions. 
Nano-ZnO dissolution is pH dependent, and toxicity matches the release of Zn2+. 
Functional coating materials are commonly added to nano-ZnO particles to improve 
specific industrial applications. To test if coating materials contribute to nano-ZnO 
toxicity on lesser duckweed, the effect of silane coupling agent (KH550) coated 
nano-ZnO on Lemma minor was investigated. Results show that coating can 
decrease the release of Zn ions, which reduces toxicity to Lemna minor, in contrast 
to uncoated particles. Another commonly hypothesized reason for nano-ZnO toxicity 
is the formation of Reactive Oxygen Species (ROS) on the particles surface. As part 
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of this thesis, the ROS formation induced by nano-ZnO was studied. Results show 
that nano-ZnO catalyse ROS formation and this can negatively affect duckweed 
growth. In conclusion, this work has detailed potentially toxic effects of nano-ZnO 
on Lemna minor. This study has also provides references for future research, and 
informs regulatory testing for nanoparticle toxicity. Specifically, the outcomes of 
this study emphasize the importance of exposure time, environmental parameters and 
coating material when analysing NPs toxicity. Firstly, impacts of longer exposure 
time should be studied. Secondly, environmental parameters such as pH and 
medium-composition need to be considered when investigating NPs toxicity. Lastly, 
coating of NPs should always be considered in the context of NPs toxicity, and 
similar NPs with different coatings require separate toxicity tests.
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Nanoparticles 
 
Definition of nanoparticles 
Nanoparticles are particles that have dimensions in the range between 1 and 100 nm 
(BSI, 2003; Ju-Nam and Lead, 2008; Dietz and Herth, 2011; Poynton et al., 2011; 
Yin et al., 2011). The generation of nanoparticles can occur naturally or is due to 
anthropogenic biosynthesis. Naturally-occurring nanoparticles, such as soil colloids, 
airborne nano-crystals of sea salts, carbon nanotubes, and biogenic magnetite, have 
always existed in the environment, and are mostly present in low concentrations 
(Buffle, 2006; Nowack and Bucheli, 2007). Nanoparticles produced through 
anthropogenic activity can be further classified as those that are the unintentional 
by-product of human activity or those that are specifically engineered/manufactured. 
Examples of unintentionally produced nanoparticles include carbon black, carbon 
nanotubes and fullerenes, platinum and rhodium-containing nanoparticles. These are, 
amongst others, byproducts from combustion processes (Nowack and Bucheli, 
2007). Engineered nanoparticles (e.g. metals, metal oxides, single-walled and 
multi-walled carbon nanotubes) are produced intentionally because of their specific 
physical and chemical properties (Dhawan and Sharma, 2010). As a result of these 
properties, there is a huge demand for such particles for applications such as 
diagnosis, drug delivery, and imaging, and products such as cosmetics, sunscreens, 
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food, paints, electronics, and imaging (Sharma et al., 2012). 
 
Properties of nanoparticles 
Nanoparticles are different from bulk substances in properties such as shape, 
chemical composition, size, surface area and Zeta-potential. Properties and functions 
of engineered nanoparticles sometimes depend on their shape, for example, 
homogeneously and heterogeneously structured nanoparticles are developed for 
medical use (Oberdörster et al., 2005). Properties and functions of NPs are also 
associated with their chemical element composition. For example, nano-Ag (Silver 
nanoparticles) were found to be much more toxic than nano-ZnO (Gubbins et al., 
2011). However, the most important factor that distinguishes nanoparticles from 
other materials is their small size. The relative large surface area compared to 
volume causes nanoparticles to be more reactive than non-nanoscale particles with 
the same chemical composition (Yin et al., 2011). Therefore, NPs are chosen over 
bulk particles in many applications (e.g. chemical, mechanical, electrical, optical, 
magnetic, biological) (Oberdörster et al., 2005; Pal et al., 2007; Auffan et al., 2009). 
However, the large surface area can also lead to increases in Reactive Oxygen 
Species (ROS) formation and dissolution rate (Powers et al., 2006). Furthermore, the 
small size and large relative surface areas may result in high mobility in media, 
enhanced uptake by organisms, and reactivity and even cytotoxicity (Chithrani et al., 
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2006). The reactive surface of NPs can be affected by surroundings (e.g. pH), 
causing particle aggregation (Franklin et al., 2007). Good distribution of NPs is 
important in applications such as cosmetics and paints. As NPs agglomerate easily in 
inorganic matrices, surface modifications (coating) are done to avoid aggregation of 
NPs (Posthumus et al., 2004; Hong et al., 2006; Tang et al., 2006; Hong et al., 2009; 
Mallakpour and Madani, 2012; Maschhoff et al., 2014). Coating can affect reactivity 
of NPs due to altered aggregation, coating can also change toxicity of NPs because 
of decreased particle dissolution. Moreover, the coating material itself can 
sometimes be toxic (Waalewijn-Kool et al., 2013). Zeta-potential is the potential 
difference between the dispersion medium and the stationary layer of fluid attached 
to the dispersed particle (Molina et al., 2011). A higher Zeta-potential of 
nanoparticles indicates a bigger electric potential difference with the medium. This 
electrical potential is important both in the context of membrane penetration as well 
as aggregation. Suspended particles with a Zeta-potential smaller than ±30 mV are 
regarded as incipiently stable or coagulated, with a value between ±30 and ±40 mV 
are moderately stable, and with a value higher than ±40 mV have good or excellent 
stability (Greenwood and Kendall, 1999; Hanaor et al., 2012). For example, the 
Zeta-potential of nano-ZnO (suspended in distilled water) used in our study was 
-48.06 mV, which is regarded as “good stability”, meaning that particles will be 
more likely to remain in suspension, rather than aggregated. However, if there are 
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changes in pH and Natural Organic Matter (NOM) of NPs, the Zeta-potential of NPs 
will be changed (Franklin et al., 2007), altering behavior of the particles.  
 
Metal oxide nanoparticles 
A main focus of current nanoparticle-toxicity research is engineered metal oxide 
nanoparticles. Engineered metal oxide nanoparticles can be synthesised relatively 
easily (Gu and Soucek, 2007) and they possess unique properties, such as: 
antimicrobial activity, UV (ultraviolet) blocking ability, visible light absorption, 
dielectric and abrasive properties, and high photoreactivity. These particles have 
been specially applied in products such as drugs, paints, cosmetics, abrasive agents 
and insulators (Nowack and Bucheli, 2007; Sass, 2007; Wang et al., 2009; Ren et 
al., 2009; Dastjerdi and Montazer, 2010; Ma et al., 2014). The significant scientific 
attention for metal oxide NPs is due to their vast use in industries and potential 
future applications, unique properties as well as being not biodegradable. As a result, 
these particles tend to be rapidly distributed throughout the environment with 
unknown consequences (Wang et al., 2009). 
 
Difference between nanoscale and non-nanoscale metal oxide particles 
Though they have the same chemical composition, nanoscaled metal oxide particles 
have been used in preference over bulk metal oxide particles by many industries. 
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Compared to non-nanoscaled metal oxide, nanoscaled metal oxide has a much larger 
surface area to volume ratio. Deng et al., (2009) reported that ZnO particles with a 
size of 10 nm (nanoparticles) had surface area to volume 10 times larger than that of 
200 nm ZnO particles. Larger relative surface area to volume leads to higher 
reactivity (Oberdörster et al., 2005; Roduner, 2006; Akhlaghi et al., 2012). Besides 
larger relative surface area, nanoscaled metal oxide has better UV light reflection. 
For example, nano-ZnO were found to reflect UV light 50% more effective than 
bulk ZnO particles. Furthermore, nano-ZnO are less toxic and more 
environment-friendly compare to bulk ZnO particles, which makes it attractive to 
use nanoparticles in cosmetics and modern sunscreens (Chang et al., 2012). 
Moreover, because nanoparticles are much smaller in size when compared to bulk 
particles, distribution of nanoparticles is improved (Leite-Silva et al., 2013; Kool et 
al., 2011). Lastly, stronger antimicrobial ability has been found for nanoscaled metal 
oxide particles (Cakounes and Judelson, 2012). 
 
Engineered metal oxide nanoparticles in the environment 
Increasing attention is being paid to nanoscience. This is becoming one of the major 
study fields (Colvin, 2003; Service, 2008). The rapid development of 
nanotechnology leads to a rise in commercial use and large scale production of 
engineered nanoparticles (500 tons/year and 50,000 tons/year, for silver and titanium 
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dioxide, respectively) (Chalew and Schwab, 2012). This can result in the unintended 
exposure of human beings and an inevitable release into the environment (Chang et 
al., 2012; Ma et al., 2014). The release of manufactured nanoparticles can occur 
through different routes: 1) Escape during synthesis; 2) Accidental release during 
development, transportation or use; 3) Solid/liquid waste as well as atmospheric 
emission from products (Klaine et al., 2008; Dhawan and Sharma, 2010; Li et al., 
2013). Released manufactured nanoparticles can enter directly into aquatic habitats 
such as rivers and streams. Released manufactured nanoparticles can also enter into 
the soil system and permeate into groundwater (Zhang, 2003). As it is hard to 
quantify the actual concentration of nanoparticles in the environment, Predicted 
Environmental Concentrations (PEC) have been used to estimate the level of 
nanoparticles in the natural world. The PEC value of nanoparticles can be calculated 
based on the probabilistic material flow analysis, using a life-cycle perspective of 
ENM (engineered nanomaterial) containing products (Sonderer and Scholz, 2009). 
By using this method, Gottschalk et al., (2009) estimated increases of ENM per year 
for nano-ZnO and nano-TiO2 were from 0.026 to 2.13 µg/kg/y in soil media. It was 
also estimated that the PEC value of nano-Ag in a river of Switzerland was between 
11 and 1623 ng/l (Gottschalk et al., 2009). Sonderer and Scholz (2009) has reported 
that the PEC of nano-TiO2 was 21 ng/l for surface water and 89 µg/kg/y for sludge 
treated soil. From the report by Mueller and Nowack (2008), the PEC for nano-TiO2 
in water was between 0.7 and 16 µg/l. 
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Stability and fate of engineered metal oxide nanoparticles in the environment 
Stability of engineered nanoparticles in the natural world can be influenced by 
environmental factors such as pH, Natural Organic Matter (NOM) and light. The pH 
has a significant impact on NPs dissolution. According to Ma et al., (2014), 
dissolution of nano-ZnO increased by 100 times when the pH decreased from 9 to 7. 
The time to reach the maximum level of released Zn ions was shorter under the low 
pH condition. It was reported by Mudunkotuwa et al., (2011) that NOM such as 
cysteine and citric acid can enhance NPs dissolution, however, certain NOM such as 
fulvic acid could also inhibit the dissolution by coating the particle (Miao et al., 
2010). Engineered nanoparticles such as nano-ZnO and nano-TiO2 have large band 
gap energy, a photon with energy greater than this band gap can promote the 
reactivity of NPs, which can lead to an increase in metal ion release (Popov et al., 
2009; Ma et al., 2014). This has been demonstrated in a study by Han et al., (2010) 
in which ultraviolet-light (254 nm, intensity 3.8-6.5 mW/cm2) significantly 
accelerated the dissolution of nano-ZnO. In addition to those parameters mentioned 
above, stability of NPs can also be affected by the water properties such as ionic 
strength and the type of electrolytes (Bian et al., 2011). Understanding the effects of 
these physiochemical and environmental parameters on NPs dissolution benefits the 
evaluation of their risk to the environment (Ma et al., 2014).  
As primary producers in ecosystems, plants play an important role in studying the 
environmental fate of engineered nanoparticles. NPs can attach to specific plant 
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surfaces, depending on the medium in which nanoparticles are suspended in (air, soil 
and water) (Miller et al., 2010). Besides, NPs can enter into plants through uptake, 
and may then be transferred to consumers through the food chain (Adams et al., 
2006; Bielmyer et al., 2006; Bielmyer et al., 2012). NPs carried by consumers are 
sourced through three main routes: 1) Through the food chain (NPs can be passed on 
through the food chain from primary producers to lower level consumers, and then to 
higher level consumers); 2) As a result of exposure to NPs in the environment 
resulting in adhesion to and/or penetration into skin (Larese et al., 2009); 3) Transfer 
between parents and offsprings (Takeda et al., 2009). 
 
Metal oxide nanoparticles toxicity 
 
Due to the vast discharge of NPs into the environment, their possible toxicity has 
aroused huge research interest. Below is a table containing information from 
previous studies on metal oxide NPs toxicity. 
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Table 1. Information from studies on toxicity of metal oxide NPs 
Tested material Metal oxide NPs 
(mg/l) 
Impact Tested/hypothesized 
mechanism 
Studies on plants 
Lemna gibba 
(duckweed) 
nano-CuO 
(700-5500) 
Inhibition in 
photosynthesis 
Dissolution of NPs (Perreault 
et al., 2013) 
Fagopyrum 
esculentum 
(buckwheat) 
nano-ZnO 
(0-2000) 
Reduced biomass NPs induced ROS formation 
(Lee et al., 2012) 
Lemna minor 
(duckweed) 
nano- TiO2 
(0-2000) 
Inhibited growth; 
decreased 
chlorophyll and 
carotenoid content; 
damaged lipids and 
proteins 
NPs induced ROS formation 
(Song et al., 2012) 
Pseudokirchneriella 
subcapitata (green 
algae ) 
nano-CeO2 
(200-1000) 
Inhibited growth Entrapment of cells into 
aggregation of NPs (Hoecke 
et al., 2009) 
Chlorella (green 
algae) 
nano-ZnO 
(0-1000) 
Inhibited growth Dissolution of NPs; 
entrapment of algal cells into 
NPs aggregates (Ji et al., 
2011) 
Allium cepa (onion) nano-ZnO 
(25-100) 
Increased 
chromosomal 
aberration; induced 
lipid peroxidation 
Dissolution of NPs; NPs 
induced ROS formation 
(Kumari et al., 2011) 
Studies on microbes 
Escherichia coli; 
Bacillus subtilis 
(bacteria) 
nano-ZnO/  nano- 
TiO2 
(0-200/0-500) 
Inhibited growth 
and colony forming 
Dissolution of nano-ZnO; 
nano-ZnO and nano- TiO2 
induced ROS formation (Kim 
and An, 2012) 
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Candida albicans 
(fungus) 
nano-ZnO 
(10-1000) 
Inhibited growth; 
cell death 
NPs induced ROS formation 
(Lipovsky et al., 2011) 
Escherichia coli 
(bacteria) 
nano-ZnO 
(350,550) 
Inhibited growth NPs induced ROS formation 
(Dutta et al., 2012) 
Studies on animals and humans 
Daphnia magna 
(water flea) 
nano-ZnO 
(0.25-5) 
Enhanced mortality 
under light 
ROS generation and 
photo-enhanced dissolution of 
NPs (Ma et al., 2014) 
Folsomia candida 
(springtail) 
nano-ZnO 
(1964-2847 mg/kg 
in soil) 
Reduced 
reproduction 
Dissolution of NPs; toxic 
coating (Waalewijn-Kool et 
al., 2013) 
mouse epidermis cells nano-ZnO 
(0-20) 
Cell death NPs induced ROS formation 
(Yu et al., 2013) 
human immune cells nano-ZnO 
(1-100) 
Decreased cell 
viability 
Dissolution of NPs; NPs 
induced ROS formation (Shen 
et al., 2013) 
Acartia tonsa 
(copepod) 
nano-ZnO 
(0.001-1) 
Impaired survival 
and reproduction 
Dissolution of NPs (Jarvis et 
al., 2013) 
Oryzias latipes (fish); 
Daphnia magna 
(water flea) 
nano- TiO2 
(0.005-0.5) 
Increased mortality NPs induced ROS formation 
(Ma et al., 2012) 
human liver cells nano-ZnO 
(0.8-20) 
Decreased cell 
viability; DNA 
damage; apoptosis 
NPs induced ROS formation 
(Sharma et al., 2012) 
Peripheral blood 
lymphocytes 
nano- TiO2 
(0-5) 
Loss of 
mitochondrial 
membrane potential; 
DNA damage 
NPs induced ROS formation 
(Kang et al., 2011) 
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Not all NPs are toxic. There are researchers who found no negative effects on metal 
oxide treated species (Hernandez-Viezcas et al., 2011; Li et al., 2013; Leite-Silva et 
al., 2013), despite NPs attachment on organismal surfaces and/or penetration into 
tested tissues. Besides, even positive effects of NPs on plants have been reported, 
including increased biomass production, root length, frond number and 
photosynthetic efficiency (Juhel et al., 2011). It can be concluded from the table 
above that metal oxide NPs toxicity is commonly attributed to one or more of the 
following mechanisms: 1) Dissolution of NPs, which leads to release of toxic metal 
ions, e.g. Zn2+ from nano-ZnO and Cu2+ from nano-CuO; 2) NPs induced ROS 
formation, which disturbs the balance between ROS production and antioxidant 
defence (Gajewaska and Sklodowska, 2007; Gill and Tuteja, 2010); 3) Aggregation 
of NPs, which causes entrapment of cells. These mechanisms of toxicity vary due to 
different intrinsic properties of metal oxide NPs themselves (such as particle size, 
relative surface area) and physicochemical characteristics of the surrounding 
environment (e.g. pH, light) (Li et al., 2013). NPs with larger surface area to volume 
tend to release metal ions faster (Borm et al., 2006). Dissolution of NPs also depends 
on particle size, better distribution was found for particles with smaller size at the 
same mass (Wong et al., 2010; Reed et al., 2012). Under acidic conditions, 
dissolution of NPs has been shown to be accelerated (Studer et al., 2010). Some NPs 
(e.g. nano-ZnO and nano-TiO2) possess strong band gap energy, and radiation that 
has more energy than the band gap energy can free electrons, resulting in production 
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of ROS (Ma et al., 2012). But beyond this, toxicity can also be the result of a 
combination of direct and indirect mechanisms, for example released metal ions 
cause intracellular damage, leading to generation of ROS (Shen et al., 2013).  
 
Nano-ZnO 
 
Due to their easy-fabrication, specific properties, as well as low cost and 
environmental-friendly synthetic routes, zinc oxide nanoparticles (nano-ZnO) are 
among the most widely used nanoparticles, having been applied in different products 
such as solar cells (Gal et al., 2000), varistors (Shi et al., 2003), bioimaging systems 
(Wu et al., 2007), piezoelectric devices (Wang, 2009), cosmetics (Vigneshwaran et 
al., 2006), sensors (Corso et al., 2008), antireflective coatings (Lü et al., 2007) and 
antibacterial soaps and gels (Zhang et al., 2007; Jin et al., 2009). Plants are primary 
producers in ecosystems, and it is important to know whether NPs affect them or not. 
Nano-ZnO attach to, or accumulate in, plants making it possible to pass these 
particles on to other organisms through food chain (Zhu et al., 2008). Dissolution of 
nano-ZnO leads to the release of Zn ions. Zinc ions are essential to all organisms, 
and required at low concentrations. However, high concentrations of Zinc ions are 
toxic (Eisler, 1993). Furthermore, bioaccumulation of Zinc may cause toxic effects 
throughout the food chain (Lahive et al., 2015). Moreover, because of their wide 
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band gap, nano-ZnO tends to induce production of ROS in the light (Popov et al., 
2009; Ma et al., 2014), which will inevitably cause cytotoxicity in plants. Thus, it is 
important to start exploring nano-ZnO toxicity from plants (Song et al., 2012). 
Nano-ZnO have been found to be phytotoxic in several studies. Nano-ZnO have 
been shown to negatively affect seed germination and development (e.g. leaf 
number) of Arabidopsis thaliana (Lee et al., 2010), seedling growth and root 
development of Lolium perenne (Lin and Xing, 2008), development of roots, stems 
and leaves of Prosopis velutina (Hernandez-Viezcas et al., 2011), and root 
elongation and development of root cells of Allium cepa (Ghodake et al., 2011; 
Kumari et al., 2011). Few reports have revealed positive effects of nano-ZnO on 
plants. 
 
Duckweeds 
 
Duckweeds (Lemnaceae) are fast growing aquatic macrophytes that are usually 
found floating on the surface of still or slow-moving water bodies (Skillicorn et al., 
1993). As important primary producers in aquatic ecosystems, duckweeds provide a 
food source for aquatic consumers, as well as shelter for small aquatic invertebrates 
(Song et al., 2012). Because of their easy culturing (both in the laboratory and in situ 
studies), rapid reproduction and small size, duckweeds have been recommended by 
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EPA (Environmental Protection Agency, USA) and OECD for toxicological testing 
(Lewis, 1995). Lemnaceae are used for toxicity testing for heavy metals (Mohan and 
Hosetti, 1997; Hou et al., 2007), effluents (Taraldsen and Noeberg-King, 2009), coal 
residues and polluted sediments (Jenner and Janssen-Mommen, 1993) and many 
other toxins. Recently, duckweeds are becoming popular for investigations of 
nanoparticle toxicity, including toxicity of nano-Ag (Gubbins et al., 2011; Glavaš 
Ljubimir et al., 2012), nano-TiO2 (Song et al., 2012; Li et al., 2013), nano-Al2O3 
(Juhel et al., 2011) and nano-CuO (Perreault et al., 2013). The Lemnaceae family 
consists of about 40 species contained in five genera: Spirodela, Lemna, Landoltia, 
Wolffiella and Wolffia (Skillicorn et al., 1993; Lyerly, 2005; Michael et al., 2009). In 
this study, we have used Lemna minor to evaluate the toxicity of ZnO nanoparticles. 
The most common endpoints used for assessing effects of chemicals on duckweeds 
are root length, biomass and frond number growth rate (USEPA, 1996; Environment 
Canada, 1999; ASTM, 2000; OECD, 2002). Endpoints such as chlorophyll, 
carotenoid content and chlorophyll a fluorescence have been used to assess toxic 
effects on photosynthesis (Appenroth et al., 2001; Marwood et al., 2001; Frankart et 
al., 2002; Hou et al., 2007; Küster and Altenburger, 2007). 
 
Objectives of this thesis 
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To determine nano-ZnO toxicity (acute and chronic) on Lemna minor 
Organismal endpoints including growth rate of biomass and frond number, as well as 
root length will be measured to study the impact of added nano-ZnO on growth, 
reproduction and morphology of Lemna minor. Besides, photosynthetic efficiency 
will be assessed by measuring chlorophyll and carotenoid content, and chlorophyll a 
fluorescence (Fv/Fm, qP, NPQ, and Y(II)) of Lemna minor exposed to nano-ZnO. 
(Chapter II) 
 
To study the mechanism of nano-ZnO toxicity on Lemna minor 
Dissolution of nanoparticles has been hypothesized as a reason for toxicity. 
Therefore, the release of Zn ions from nano-ZnO will be measured during one-week 
exposure to nano-ZnO. Subsequently, a series of experiments will be carried out to 
investigate the toxicity of released Zn ions, and to determine whether this can 
explain nano-ZnO toxicity. Plants will be cultured in medium supplemented with 
nano-ZnO or with the “Zn2+ equivalent of nano-ZnO” (Chapter II). In addition to 
released Zn ions, nano-ZnO induced ROS formation is another possible mechanism 
for nano-ZnO toxicity. To study this possibility, several assays such as ABTS, DAB 
and MDA staining will be used to determine nano-ZnO induced H2O2 formation, 
antioxidant defences as well as oxidative stress in Lemna minor. (Chapter IV) 
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To study the difference in toxicity on Lemna minor between coated and uncoated 
nano-ZnO 
Many commercially used nanoparticles are coated particles. Coatings affect, 
amongst others, aggregation and dissolution, and this may in turn affect toxicity. 
Coated and uncoated nano-ZnO will be applied on Lemna minor, and parameters 
such as biomass growth rate, frond number growth rate, root length and chlorophyll 
a fluorescence will be measured to compare the difference in toxicity between two 
types of nano-ZnO. (Chapter III) 
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Abstract 
 
The use of nano-ZnO has rapidly increased in recent years. A small number of 
studies have examined the toxicity of nano-ZnO towards plants. Lemna minor is a 
model test species used in toxicity testing. This study aims to determine the 
phytotoxicity of ZnO nanoparticles to Lemna minor as well as the possible 
mechanism thereof. Short and long-term toxicity of nano-ZnO was determined by 
measuring impacts on Lemna minor organismal endpoints (growth rates of biomass 
and fronds, root length), pigment content (chlorophylls and carotenoids) and 
photosynthetic efficiency (Fv/Fm, NPQ, qP and Y(II)), using one-week (according to 
OECD guidelines) and 6-week (chronic, according to lifespan of Lemna minor 
fronds) exposure experiments. To analyse the dynamics of nano-ZnO-induced 
phytotoxicity, effects on chlorophyll a fluorescence were measured daily, for up to 7 
days. To establish the role of released Zn ions in nano-ZnO toxicity, comparisons 
were made between impacts of added nano-ZnO and the “Zn2+ equivalent of 
nano-ZnO”. Results showed that all endpoints were negatively affected by added 
nano-ZnO. Toxicity was stronger when plants were exposed for a longer period time. 
Rapid inhibitory effects (within 24h) were found. Rapid and total dissolution of 
nano-ZnO was found at pH 4.5 (pH of the medium), leading to high concentrations 
of Zn2+ in the medium. Similar effects were found when plants were exposed to 
“Zn2+ equivalent of nano-ZnO” and added nano-ZnO, at pH 4.5. In contrast, no 
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nano-ZnO dissolution and also no nano-ZnO toxicity were measured at pH 8. Results 
from this study show that the toxicity of added nano-ZnO varies with concentration 
and that toxicity can be accumulated by exposure time. It is concluded that the main 
reason for nano-ZnO toxicity on Lemna minor is released Zn ions, and the content of 
released Zn2+ can be affected by pH. 
 
Introduction 
 
In recent years, engineered nanoparticles have received a great deal of attention 
because of their useful applications as catalysts, and as components of paints, wave 
filters, UV detectors, transparent conductive films, varistors, gas sensors, solar cells, 
sunscreens, and other cosmetic products (Comini et al., 2002; Bai et al., 2003; 
Ramakrishna and Ghosh, 2003; Bae and Seo, 2004; Ding and Wang, 2004; Zhu et 
al., 2005; Huang et al., 2006). Due to significant increases in production and 
demand, large amounts of nanoparticles are predicted to end up in the environment 
(Dhawan and Sharma, 2010). The extent of exposure and potential adverse effects on 
human health and/or plant, animal and microbial life are still not clear (Dreher, 2004; 
Jeng and Swanson, 2006), but the possible risk they may have on the entire 
biosphere needs to be studied. There are many different types of engineered 
nanoparticles such as carbon nanoparticles, quantum dots, metals, and metal oxides. 
Metal oxide nanoparticles are commonly used in pigments, cosmetics, photo 
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catalysts, etc. (Tio et al., 2001; Magdassi et al., 2003; Nohynek et al., 2008), and 
these particles were the focus of this study. 
 
Toxicity of metal oxide nanoparticles to plants 
Many kinds of metal oxide nanoparticles have been investigated by researchers for 
possible phytotoxicity. These include nano-TiO2 (Zheng et al., 2005), nano-Fe3O4, 
nano-Al2O3 (Lee et al., 2010), nano-SiO2 (Lin et al., 2006), nano-CuO (Kasemets et 
al., 2009) and nano-ZnO (Lin et al., 2008; Lin and Xing, 2008; Hernandez-Viezcas 
et al., 2011). Some of these studies failed to show phytotoxicity, and these included 
studies using nano-TiO2 and nano-Al2O3. In contrast, nano-ZnO, nano-Fe3O4, 
nano-SiO2 and nano-CuO were shown to be phytotoxic by researchers.  
A small group of researchers have investigated the long-term toxicity of NPs on 
plants. Inhibitory effects have been found on green algae exposed to nano-TiO2 (Hall 
et al., 2009), the inhibition became stronger when a longer exposure time was 
applied. However, Tuominen (2013) found no adverse effect on duckweeds exposed 
to nano-TiO2 for 14 days.  
 
Test systems for phytotoxicity 
Different testing systems have been used to test for NPs toxicity. For example, in 
some studies suspensions of nanoparticles were added to the liquid culture medium 
to determine effects on seed germination of Lolium perenne and Prosopisjuliflora 
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velutina (Lin and Xing, 2008; Hernandez-Viezcas et al., 2011; Ghodake et al., 2011; 
Kumari et al., 2011). In other studies, nanoparticles were added to the solid culture 
medium (agar) to test effects on vegetative growth (Lee et al., 2010), or to liquid 
growth medium to tests effects on aquatic Lemnaceae (Juhel et al., 2011). Many of 
the published studies are short-term, according to standardized OECD and/or EPA 
guidelines. However, in the natural environment, plants may will be in 
longer/permanent contact with nanoparticles, thus, chronic tests that consider the 
possible accumulation of nanoparticle toxicity are also needed. 
 
Phytotoxicity of nano-ZnO 
Nano-ZnO is phytotoxic, and has been shown to negatively affect seed germination 
and development (e.g. leaf number) of Arabidopsis thaliana (Lee et al., 2010), 
seedling growth and root development of Lolium perenne (Lin and Xing, 2008), 
development of roots, stems and leaves of Prosopis velutina (Hernandez-Viezcas et 
al., 2011), and root elongation and development of root cells of Allium cepa 
(Ghodake et al., 2011; Kumari et al., 2011). According to the authors of these 
studies, the mechanism of nano-ZnO toxicity can be due to: 1) Zn ions released from 
nano-ZnO dissolution (Lin and Xing, 2008; Lee et al., 2010; Hernandez-Viezcas et 
al., 2011; Kumari et al., 2011); 2) Uptake of nano-ZnO and interference with cellular 
processes (Lin and Xing, 2008; Lee et al., 2010; Ghodake et al., 2011); 3) 
Nano-ZnO mediated release of ROS (Kumari et al., 2011). Yet, effects of nano-ZnO 
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are not always negative. Mahajan and his colleagues showed that an optimum 
concentration of nano-ZnO improved the root and shoot biomass of Vigna radiata 
and Cicer arietinum (Mahajan et al., 2011). 
 
Duckweeds 
In this study we have analysed nano-ZnO toxicity using a standardised Lemna minor 
toxicological testing system. Duckweeds display rapid growth and their small size 
make them suitable for toxicological testing. Besides, as important primary 
producers in aquatic ecosystems, they play potentially critical roles in determining 
fate and transport of nanoparticles in the environment through uptake and 
bioaccumulation (Ma et al., 2010). Lemna minor has been used to test for the 
toxicity of heavy metals (Mohan and Hosetti, 1998; Hou et al., 2007), effluents 
(Taraldsen and Noeberg-King, 2009) and other potential toxins.  
 
Objectives 
 
This study aims to investigate the impact of nano-ZnO on Lemna minor growth and 
physiology. Our hypothesis is that nano-ZnO has concentration-dependent negative 
effect(s) on duckweeds. Specifically this study aims: 
• To find out if nano-ZnO is toxic to Lemna minor (biomass production and 
population growth) 
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• To investigate the impact on photosynthesis (chlorophyll content, carotenoid 
content, chlorophyll a fluorescence) 
• To investigate the impact on morphology (root length, the size of frond and 
colony) 
• To compare the difference between short and long-term exposure 
• To establish the role of released zinc ions in nano-ZnO toxicity 
 
Material and Methods 
 
Plant material and experimental conditions 
Lemna minor was sourced from a pond in Blarney, Co. Cork, Ireland. An axenic 
stock culture was maintained in a growth room (culture conditions see Table 1). The 
stock culture was kept in glass containers filled with 250 ml half-strength Hutner’s 
medium (Brain and Solomon, 2007), which was refreshed every seven days. All 
toxicity tests were done in magentas containing 250 ml half-strength Hutner’s 
medium. The initial pH of the medium was 4.3-4.7, after autoclaving.  
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Table 1. Lemna minor experimental conditions 
 Medium 
Intensity of 
light 
(µmol/m2/s) 
Temperature 
(°C) 
Light 
cycle 
pH of 
medium 
(after 
autoclaving) 
Stock 
culturing 
Half-stren
gth 
Hutner’s 
medium 
70 21±2 
16h 
light/8h 
dark 
4.3-4.7 
Toxicity 
testing 
Half-stren
gth 
Hutner’s 
medium 
50 21±2 
24h 
light/0h 
dark 
4.3-4.7 
 
ZnO nanoparticles  
Nano-ZnO (20 nm) used in this study was purchased from Degussa AG, Germany. 
Key physico-chemical characteristics of these particles are given in Table 2. It is 
shown in Picture 1 that nano-ZnO particles are irregularly shaped, varying from 
spherical to triangular or rectangular. 
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Table 2. Particle characterization (Juhel, unpublished data) 
Nominal size <100 nm 
Shape 
Spherical to triangular 
or rectangular 
Average size (TEM) 25.9 ± 7.8 nm 
Zeta-potential (NPs suspended in distilled water) -48.06 mV 
Zeta-potential (NPs suspended in half-strength 
Hutner’s medium) 
-12.13 mV 
Hydrodynamic diameter (NTA: Nanosight at start of 
experiment in half-strength Hutner’s medium) at 150 
ppm (mg/l) 
197.8 ± 40.6 nm 
Hydrodynamic diameter (NTA: Nanosight at start of 
experiment in duckweed medium) at 10 ppm (mg/L) 
198.6 ± 39 nm 
 
Picture 1. Transmission Electron Microscopy (TEM) picture of nano-ZnO used in 
this study (Juhel, unpublished data).  
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Nano-ZnO concentration range  
The nano-ZnO concentration range was established by using growth rate as an 
endpoint and by measuring the lower and upper nano-ZnO concentrations that, 
respectively, facilitated normal growth and zero growth. The ZnO nanoparticles 
concentration ranges were (suspended in half-strength Hutner’s medium):  
• Short-term toxicity test: 0, 0.03, 0.3, 1, 10, 30 mg/l  
• Long-term toxicity test: 0, 1, 10 mg/l 
All nano-ZnO suspensions were freshly made before use. 
 
Experimental design 
A range of experimental approaches was designed, in order to test the effect of 
nano-ZnO on Lemna minor. Each experiment had four independent replicates. 
 
Short-term (1 week) toxicity testing 
Magentas containing 4 Lemna minor colonies, each with 3 fronds, were prepared. 
Medium was supplemented with various amounts of nano-ZnO to obtain the required 
concentration range. Nano-ZnO was added after autoclaving. The pH of the 
autoclaved medium was not dramatically changed (< 0.2) by the addition of 
nano-ZnO. Colonies were exposed to nano-ZnO for 7 days (OECD guidelines, 
2002), after which endpoints were measured.  
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Daily testing for rapid toxicity 
Lemna minor colonies were exposed to nano-ZnO for up to 7 days, as detailed 
above. Fv/Fm value was measured every day at the same time, to determine the rapid 
kinetic toxicity of nano-ZnO. 
 
Long-term toxicity testing 
Plants were pre-adapted for two weeks to experimental conditions. After that, 
colonies were exposed to nano-ZnO for up to 6 weeks. At the end of each week of 
nano-ZnO exposure, medium was refreshed, biomass, root length, number of fronds 
and chlorophyll a fluorescence were measured to assess the accumulation of toxicity. 
At the end of 6 weeks nano-ZnO exposure, endpoints were measured.  
 
Studies of the mechanism of nano-ZnO toxicity 
To establish the dynamic release of Zn ions from nano-ZnO, medium without plants 
was supplemented with nano-ZnO for up to 7 days, and medium samples were 
centrifuged at room temperature, 13300 rpm (= 12500 g) for 15 minutes, supernatant 
then removed for Zn2+ content analysis. Zn ion content in medium was analysed 
using a flame Atomic Absorption Spectrometer, type Varian SpectrAA 300. Zn 
content in plant samples was measured as follows: fresh plant samples were dried at 
40 °C for 2 hours, then transferred to a 100 ml glass digestion tube. 5 ml of 
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concentrated analytical grade nitric acid was added to the digestion tube. The sample 
was digested at 125 °C for 2 hours in TECATOR 2040 digestor. After cooling, the 
fully digested sample was transferred to a 25 ml volumetric flask and the volume 
was made up with deionised water. Samples were then analysed with the flame 
method using a Varian SpectrAA 300 Atomic Absorption Spectrometer. To 
investigate the toxicity of released Zn ions, colonies were either cultured in medium 
supplemented with nano-ZnO or with the “Zn2+ equivalent of nano-ZnO” (Zn ions in 
medium were gradually added, such as to mimic the dynamic process of Zn ion 
release during the same period).  
 
Study of the effect of pH on the toxicity of added nano-ZnO 
The effect of the pH of the medium on the released Zn2+ from nano-ZnO was 
established. After the addition of nano-ZnO into medium (without plants), 1M HCl 
and 1M NaOH were used to set the pH range at 2.5, 4.5 (original pH of half-strength 
Hutner’s medium), 6.5, 8 and 10. The effect of the pH on the release of Zn ions was 
determined after one week by measuring Zn2+ content, as detailed in the previous 
section. To investigate the effect of pH on the toxicity of added nano-ZnO on plants, 
pH values of medium with added nano-ZnO were adjusted. 1M HCl and 1M KOH 
were used to obtain the pH range: 4.5, 6.5, and 8. PH dependency of the toxicity of 
added nano-ZnO was determined after one week by measuring all endpoints (see 
below). 
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Endpoints (for all experiments in this study) 
 
Biomass 
Before each test, the initial weight of 4 representative colonies, each with 3 fronds, 
was determined. At the end of the experiment, the biomass of sample from each 
treatment was also determined. Plants were collected, placed on absorbent paper to 
remove surface water and their fresh biomass was measured on a mass balance 
(OHAUS Explorer Pro, EP64, Switzerland).  Relative biomass growth rate was 
calculated: 
     µ = (ln bt – ln bo) / (t - to)  
Where, bt = final biomass and bo = initial biomass (OECD, 2002), t = date of the end 
of exposure and t0 = date of the start of exposure. 
 
Frond number 
The number of fronds in each replicate was counted and recorded. This number was 
compared to the initial number of fronds and the relative frond number growth rate 
(µ) was calculated according to the formula:   
     µ = (ln nt – ln no) / (t - to)   
Where nt = final frond number and no = initial frond number (OECD, 2002). 
 
Chapter	  II	  Description	  of	  nano-­‐ZnO	  toxicity	  	  
	   46	  
Root length 
5 colonies were randomly selected from each treatment, placed on a filter paper and 
each root was gently pulled straight, and length (mm) was measured using a ruler.  
 
Pigment content 
 
Chlorophyll content of L. minor subjected to short-term toxicity test 
Approximately 20 mg sample from each treatment was taken, weighed and put in an 
eppendorf with 1 ml of Dimethyl Formamide (DMF) (Sigma Aldrich). Fronds 
submerged in DMF were kept in the dark at 4 °C for 3 days. After 3 days, the 
absorbance was read at 647 and 664.5 nm with a spectrophotometer (Thermo 
Electron corporation, Genesys 10-S, USA). Chlorophyll content (Chl) was calculated 
according to Inskeep and Bloom (1985): Chl = 17.90A647 + 8.08A664.5. 
 
Chlorophyll and carotenoid content of chronic toxicity test 
Approximately 20 mg sample from each treatment was taken, weighed and put in an 
eppendorf with 1 ml of an ethanol-water mixture (95-5%) (Carbon Group, Ireland). 
Fronds in ethanol were kept in the dark at 4 °C for 3 days. After 3 days the 
absorbance was read at 470, 646 and 663 nm with a spectrophotometer. Pigments 
content was calculated according to Lichtenthaler and Wellburn (1983): 
Ca = 12.21A663 – 2.81A646 
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Cb = 20.13A646 – 5.03A663 
Chl = 17.32A646 – 7.18A663 
Car = (1000A470 – 3.27Ca – 104Cb)/227 
Where Ca = content of chlorophyll a; Cb = content of chlorophyll b; Chl = content of 
total chlorophyll; Car = content of carotenoid.  
 
Chlorophyll a fluorescence (Fv/Fm, NPQ, qP and Y(II)) 
Chlorophyll a fluorescence was measured using a fluorometer equipped with 
ImagingWin software (PAM, Effeltrich, Germany). Before measurement, plants 
were dark-adapted for 15-20 minutes (Maxwell and Johnson, 2000). Three colonies 
were randomly selected from each replicate and surface water was removed by 
absorbent paper. The colonies were then placed on damp filter paper on the 
fluorometer stage. A weak measuring light (< 1 µmol/m2/s) was used to determine 
the ground fluorescence (Fo), the minimum fluorescence obtained in the 
dark-adapted state. Maximum fluorescence (Fm) was determined for the 
dark-adapted state by applying a saturating pulse of white light (Marwood et al., 
2001). The maximum quantum efficiency of photosystem II (PSII) (Schreiber et al., 
1986) was then calculated as: (Fm − Fo)/Fm = Fv/Fm (Fv = variable fluorescence). 
Comparison of Fm with the steady-state yield of fluorescence in the light (Ft) and Fo 
gives information about the efficiency of photochemical quenching (qP). Actinic 
light (20 seconds) was applied to study steady state photosynthesis, Fm’ was the 
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value of maximum fluorescence following a saturating flash under steady state 
condition. Ft was the steady state value of fluorescence immediately prior to the 
saturating flash. Fo’ was measured after each flash, following removal of actinic 
light. The frequency of saturating flash was every 20 seconds. The used actinic light 
intensity was 56 µmol/m2/s. Yield of photosystem II (Y(II)) was calculated as: Y(II) 
= (Fm’ − Ft)/Fm’; photochemical quenching (qP) was calculated as: qP = (Fm’ − 
Ft)/(Fm’ − Fo’); non-photochemical quenching (NPQ) was calculated as: NPQ = 
(Fm − Fm’)/Fm’ (Maxwell and Johnson, 2000). 
Picture 2 shows the image from a chlorophyll a fluorescence measurement. Areas of 
interest (AOIs) were chosen in two ways (Küster and Altenburger, 2007). For 
Fv/Fm, the whole colony was selected for measurement. Alternatively, mature and 
daughter fronds were selected separately to measure Fv/Fm of each. Daughter fronds 
were defined as half-sized of mature fronds on the same colony (Lahive et al., 2012). 
Fronds with dark blue to purple colour (Fv/Fm > 0.7, left side picture) are regarded 
as healthy, while fronds with blue to green colour are regarded as stressed (Fv/Fm < 
0.7, right side picture).  
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Picture 2. Colour image of maximal photosynthetic efficiency of PS (Fv/Fm) in 
Lemna minor exposed to 0 mg/l or 30 mg/l nano-ZnO for 7 days. Colours are 
artificial and represent Fv/Fm-values.  
 
Data analysis 
Dose-response curves were constructed in Excel 2010. The change of each endpoint 
with increasing nano-ZnO dose was calculated as a percentage of the control 
(100%), i.e. the relative response. Relative responses were expressed as means ± 
standard errors which were calculated using Excel 2010. IC50 and 95% confidence 
limits, based on quintiles, were calculated using the software Prism 5.01. Differences 
between treatments in each endpoint were analysed using Minitab 12.21, ANOVA 
post hoc Tukey test and 2-sample T-test (p < 0.05). 
 
Result 
 
In this study, nano-ZnO was added to the half-strength Hutner’s growth medium, 
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and impacts on the growth of Lemna minor were quantified. Studies were according 
to OECD guidelines, whereby growth was measured one week after the addition of 
nano-ZnO to the medium. In parallel, long-term (6 weeks) impacts of the addition of 
nano-ZnO to the medium were also measured. The onset of toxicity was determined 
by daily measurements of chlorophyll a fluorescence.  
 
Short-term (1 week) toxicity test 
 
Organismal endpoints 
To determine the short-term toxicity caused by the addition of nano-ZnO to the 
medium, the following organismal endpoints were measured: biomass, number of 
fronds and root length. When Lemna minor were exposed to 0.3 mg/l or 30 mg/l 
nano-ZnO for 1 week, growth was slow and plants were smaller than the control. 
Plants treated with 30 mg/l nano-ZnO were also chlorotic (Picture 3). 
 
 
Picture 3. Lemna minor after 7-day exposure to nano-ZnO in the medium (a: 0 mg/l 
(Control), b: 0.3 mg/l, c: 30 mg/l). 
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To quantify the effect of added nano-ZnO, relative biomass growth rate, relative 
frond growth rate and relative root length were measured. High concentrations of 
nano-ZnO (10, 30 mg/l) reduced all growth rates and the specific root length of L. 
minor (Figure 1). The frond and biomass growth rates strongly decreased with 
increasing concentration of added nano-ZnO (Figure 1ab). Relative root length also 
decreased with increasing concentration of added nano-ZnO (Figure 1c). The IC50 
value for the relative biomass growth rate was 8.8 mg/l and for the relative frond 
number growth rate was 20.0 mg/l. The IC50 value for relative root length could not 
be calculated, as the root length did not decrease more than 40% at the highest 
concentration of added nano-ZnO. 
There were significant variations in relative biomass growth rate (F5,18 = 45.35, p < 
0.01), relative root length (F5,18 = 10.48, p < 0.01) and relative frond number growth 
rate (F5,18 = 31.6, p < 0.01), these differences were due to the 10 mg/l treatment 
being different from all treatments except 30 mg/l. The latter treatment had a 
significant effect when compared to all treatments except 10 mg/l. 
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Figure 1. Relative frond number growth rate (a), relative biomass growth rate (b) 
and relative root length (c) of Lemna minor, grown under Photosynthetically Active 
Radiation (PAR) for 7 days with different concentrations of nano-ZnO (0, 0.03, 0.3, 
1, 10, 30 mg/l) added to the medium. Control values: frond number growth rate = 
0.30 (d-1); biomass growth rate = 0.35 (d-1); root length = 35.35 (mm). Standard 
Error (SE) is shown. 
 
Fv/Fm  
Analysis of the maximal photosynthetic efficiency of photosystem II (Fv/Fm) shows 
a big difference in photosynthetic efficiency between the control and 30 mg/l 
treatments. The Fv/Fm value (Figure 2) declined from 0.7 to 0.6 when plants were 
grown on medium with 0.3 mg/l added nano-ZnO. There was significant variation in 
Fv/Fm (F5,18 = 45.25, p < 0.01) and this difference was due to treatments: 10 and 30 
mg/l being different from 0, 0.03, 0.3 and 1 mg/l; and 1 mg/l being different from 0 
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and 0.03 mg/l. 
 
 
Figure 2. Fv/Fm of Lemna minor, grown under PAR for 7 days with different 
concentrations of nano-ZnO (0, 0.03, 0.3, 1, 10, 30 mg/l) added to the medium. SE is 
shown. 
 
Non-photochemical quenching, photochemical quenching and yield of photosystem 
II 
Non-photochemical quenching (NPQ) (Figure 3a) increased sharply from 0 in 
dark-adapted plants exposed to actinic light, peaked at the 5th saturating pulse, and 
gently decreased to a steady state. If plants were treated with nano-ZnO, NPQ was 
higher than in the control at the steady state. The increase in NPQ was especially 
large when comparing treatments with 0.3 and 1 mg/l nano-ZnO. There was 
significant variation (F5,18 = 28.21, p < 0.01) in NPQ (analysed at 15th pulse, under 
steady state conditions), this was due to treatments with 0, 0.03 and 0.3 mg/l being 
different from treatments 1, 10 and 30 mg/l, respectively. Photochemical quenching 
Chapter	  II	  Description	  of	  nano-­‐ZnO	  toxicity	  	  
	   54	  
(qP) and the steady state yield of photosystem II Y(II) (Figure 3bc) initially 
decreased when dark-adapted plants were exposed to actinic light, and this decrease 
was followed by a gentle increase to a steady state. If plants were treated with 
nano-ZnO, qP and Y(II) were lower than in the control at the steady state. Besides, 
the decrease in qP and Y(II) was particularly great between treatments with 0.3 and 1 
mg/l nano-ZnO. Analysis showed that qP (analysed at 15th pulse, under steady state 
conditions) (F5,18 = 5.80, p < 0.01) of the control was significantly different from that 
of plants treated with 10 and 30 mg/l and that plants treated with 0.03 mg/l were 
different from those on 30 mg/l. There was also significant variation in Y(II) (15th 
pulse) (F5,18 = 24.58, p < 0.01).  
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Figure 3. NPQ (a), qP (b) and Y(II) (c) of Lemna minor, grown under PAR for 7 
days on medium containing different concentrations of added nano-ZnO (0, 0.03, 
0.3, 1, 10, 30 mg/l). SE is shown. 
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Chlorophyll content 
Chlorophyll content (Figure 4) declined by 37% in nano-ZnO treated plants. The 
lowest concentration of nano-ZnO in the medium caused a small increase in 
chlorophyll. There was significant variation in chlorophyll content (F5,18 = 52.38, p < 
0.01). This difference in chlorophyll content was due to treatments 0 and 0.03 mg/l 
being different from 0.3 and 1 mg/l, as well as 10 and 30 mg/l; treatments 0.3 and 1 
mg/l being different from 10 and 30 mg/l. 
 
 
Figure 4. Relative chlorophyll content of Lemna minor, grown under PAR for 7 
days with different concentrations of added nano-ZnO (0, 0.03, 0.3, 1, 10, 30 mg/l), 
IC50 = 73.3 mg/g, control value (at 0 mg/l nano-ZnO) = 0.95 mg/g. SE is shown. 
 
The onset of changes in Fv/Fm 
The maximal photosynthetic efficiency of PSII (Fv/Fm) was measured at 
several-time points to determine the onset of inhibitory effects of added nano-ZnO 
on Lemna minor (Figure 5). When plants were treated with added nano-ZnO, Fv/Fm 
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was below that of the untreated control. The photosynthetic activity of plants treated 
with 10, 30 mg/l nano-ZnO decreased significantly. When treated with 30 mg/l 
nano-ZnO, the decrease in Fv/Fm started to occur from day 1. There were significant 
variations in Fv/Fm at treatments 10 mg/l (F6,14 = 5.82, p < 0.01) and 30 mg/l (F6,14 = 
7.20, p < 0.01), these differences were due to day 7 being different from day 1-3. 
Fv/Fm values were compared between young and mature fronds (Figure 6). 
Nano-ZnO caused a bigger decrease (22%) in Fv/Fm in young fronds than in mature 
fronds (14%). There was significant variation (F5,12 = 3.18, p < 0.05) in Fv/Fm of 
young fronds, however, no difference was found in pairwise comparisons of young 
fronds Fv/Fm using Tukey. The significant variation (F5,12 = 15.33, p < 0.01) in 
Fv/Fm of mature fronds was caused by all treatments (except 10 mg/l) having an 
effect when compared to 30 mg/l and all treatments (except 30 mg/l) having an 
effect when compared to 10 mg/l. There was a significant difference (T = -4.99, p < 
0.05) between young and old fronds at 0.03 mg/l nano-ZnO in the medium. 
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Figure 5. Fv/Fm of Lemna minor, grown under PAR for 7 days with different 
concentrations of added nano-ZnO (0, 0.03, 0.3, 1, 10, 30 mg/l) in the medium. SE is 
shown. 
 
 
Figure 6. Fv/Fm of Lemna minor young and mature fronds, grown under PAR for 7 
days with different concentrations of added nano-ZnO (0, 0.03, 0.3, 1, 10, 30 mg/l). 
SE is shown. 
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Lemna minor was grown for up to 6 weeks on different concentrations of added 
nano-ZnO. Relative biomass growth rate, relative frond number growth rate, and 
relative root length decreased with increasing added NPs concentration and time 
(Figure 7-9). With increasing added nano-ZnO concentration in the medium, there 
were significant variations in relative biomass growth rate, relative frond number 
growth rate and relative root length (p < 0.01, for each week). The biggest effect was 
found at the highest (10 mg/l) nano-ZnO concentration. When 10 mg/l nano-ZnO 
was added to the medium, and with increasing time, there were significant variations 
in relative biomass growth rate (F5,18 = 146.41, p < 0.01) and relative frond number 
growth rate (F5,18 = 2.91, p < 0.05). The difference in relative biomass growth rate 
was due to all weeks being different from each other, except week 2 and 3 as well as 
week 4 and 5. There were significant variations in the relative root length as a 
function of time at the following nano-ZnO concentrations: 1 mg/l (F5,18 = 3.87, p < 
0.01), 3 mg/l (F5,18 = 7.69, p < 0.01) and 10 mg/l (F5,18 = 118.08, p < 0.01). At 1 mg/l 
nano-ZnO in the medium, the difference was due to the root length at week 1 being 
different from that at week 4 and 5. At 3 mg/l nano-ZnO the difference in root length 
was due to week 1 being different from all other weeks, except week 2. The 
difference at 10 mg/l was due to the root length at week 1 being different from all 
other weeks. 
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Figure 7. Relative biomass growth rate of Lemna minor, grown under PAR for up to 
6 weeks with different concentrations of added nano-ZnO (0, 0.3, 1, 3, 10 mg/l) in 
the medium. IC50 values (mg/l): week 1 = 8.8, week 2 = 3.6, week 3 = 2.6, week 4 = 
2.9, week 5 = 3.6, week 6 = 3.2. Control values (d-1) for the relative biomass growth 
rate were: week 1 = 0.33, week 2 = 0.33, week 3 = 0.31, week 4 = 0.31, week 5 = 
0.29, week 6 = 0.3. SE is shown. 
 
Figure 8. Relative frond number growth rate of Lemna minor, grown under PAR for 
up to 6 weeks with different concentrations of added nano-ZnO (0, 0.3, 1, 3, 10 
mg/l) in the medium. IC50 values (mg/l): week 1 = 11.4 week 2 = 7.5, week 3 = 4.8, 
week 4 = 6.4, week 5 = 5.2, week 6 = 4.2. Control values (d-1) of frond number 
growth rate: week 1 = 0.33, week 2 = 0.34, week 3 = 0.32, week 4 = 0.30, week 5 = 
0.27, week 6 = 0.26. SE is shown. 
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Figure 9. Relative root length of Lemna minor grown under PAR for up to 6 weeks 
with different concentrations of added nano-ZnO (0, 0.3, 1, 3, 10 mg/l) in the 
medium. IC50 values (mg/l): week 1 > 10, week 2 = 6.3, week 3 = 3.3, week 4 = 2.4, 
week 5 = 2.3, week 6 = 2.3. Control values (mm): week 1 = 49.1, week 2 = 46.5, 
week 3 = 49.0, week 4 = 48.7, week 5 = 52.8, week 6 = 51.5. SE is shown. 
 
Fv/Fm 
Fv/Fm decreased with increasing nano-ZnO concentration. The effect of time was 
only significant at the highest nano-ZnO concentration (10 mg/l) (Figure 10). The 
effect of the nano-ZnO concentration on Fv/Fm was significant for each week (p < 
0.01). Time only had a significant effect on Fv/Fm (F5,18 = 59.61, p < 0.01) when 
plants were treated with 10 mg/l added nano-ZnO, this difference was due to Fv/Fm 
values at all weeks being different from each other except for weeks 3 and 4, as well 
as weeks 4 and 5. 
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Figure 10. Fv/Fm of Lemna minor grown under PAR for up to 6 weeks with 
different concentrations of added nano-ZnO (0, 0.3, 1, 3, 10 mg/l) in the medium. SE 
is shown. 
 
Non-photochemical quenching 
Non-photochemical quenching (NPQ) of dark-adapted plants grown for 1 week or 6 
weeks on different concentrations of nano-ZnO (Figure 11ab) was 0. NPQ rapidly 
increased in plants exposed to actinic light, peaked at the 5th saturating pulse, and 
then slightly declined to a steady state. If plants were treated with nano-ZnO for 1 
week (Figure 11a), NPQ was higher than in the control. The increase in NPQ was 
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were treated with nano-ZnO for 6 weeks (Figure 11b), NPQ was also higher than in 
the control except at treatment 0.3 mg/l, which overlapped with the control. 
Compared to 1-week treatments, the difference in NPQ between treatments with 1 
mg/l and 3 mg/l nano-ZnO became bigger, while difference between treatments 3 
mg/l and 10 mg/l became smaller. There was significant variation (F4,15 = 16.98, p < 
0.01) in NPQ at week 6 (15th pulse). The difference in NPQ was due to treatments 3 
and 10 mg/l being different from treatments 0, 0.3 and 1 mg/l. 
 
 
Figure 11. NPQ of Lemna.minor, grown under PAR for 1 week (a) and 6 weeks (b) 
with different concentrations of added nano-ZnO (0, 0.3, 1, 3, 10 mg/l) in the 
medium. SE is shown. 
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Photochemical quenching 
Photochemical quenching (qP) of plants grown for 1 week or 6 weeks (Figure 12ab) 
on medium containing nano-ZnO initially decreased followed by a gentle increase to 
a steady state. If plants were treated with nano-ZnO for 1 week (Figure 12a), qP was 
lower than in the control. Noticeable differences were found between all treatments 
(both time and concentration) with nano-ZnO. There was significant variation (F4,15 
= 26.27, p < 0.01) in qP at week 1 (15th pulse), this difference was due to qP in 
treatments 3 mg/l and 10 mg/l nano-ZnO being different from treatments 0 mg/l, 0.3 
mg/l and 1 mg/l. If plants were treated with nano-ZnO for 6 weeks (Figure 12b), qP 
was also lower than in the untreated control. Compared to 1-week treatments, 
differences in qP between nano-ZnO treatments were larger. Treatment with 3 mg/l 
and 10 mg/l nano-ZnO, plants resulted in lower qP values compared to those in 
1-week treated plants. There was significant variation (F4,15 = 29.00, p < 0.01) in qP 
at week 6 (15th pulse), this difference was due to the qP at 3 mg/l being different 
from 0 and 0.3 mg/l and qP at 10 mg/l being different from all other treatments. 
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Figure 12. qP of Lemna minor grown under PAR for 1 week (a) and 6 weeks (b) 
with different concentrations of added nano-ZnO (0, 0.3, 1, 3, 10 mg/l) in the 
medium. SE is shown. 
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variation (F4,15 = 41.76, p < 0.01) in Y(II) at week 1 (statistically analysed at the 15th 
saturating pulse), this difference was due to treatments with 3 mg/l and 10 mg/l 
nano-ZnO being different from treatments with 0 mg/l, 0.3 mg/l and 1 mg/l and 
treatment with 1 mg/l being different from the control. If plants were treated with 
nano-ZnO for 6 weeks (Figure 13b), Y(II) was also lower than the control. When 
compared to 1 week treatments, differences in Y(II) between nano-ZnO treatments 
were larger, treatment with 0.3 mg/l nano-ZnO overlapped with the control and Y(II) 
of 10 mg/l nano-ZnO treated plants was 0. There was significant variation (F4,15 = 
22.55, p < 0.01) in Y(II) at week 6 (15th pulse), this was due to treatments with 3 
mg/l and 10 mg/l nano-ZnO being different from treatments with 0 mg/l, 0.3 mg/l 
and 1 mg/l. 
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Figure 13. Y(II) of Lemna minor grown under PAR for 1 week (a) and 6 weeks (b) 
with different concentrations of added nano-ZnO (0, 0.3, 1, 3, 10 mg/l) in the 
medium. SE is shown. 
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variation in chlorophyll content (F4,15 = 222.60, p < 0.01). The difference was 
exhibited by all 6-week nano-ZnO treatments having effect when compared to each 
other, except that there was no difference between the control and treatment 0.3 mg/l 
nano-ZnO. Carotenoid content (Figure 14b) declined by 25% after one-week 
exposure to increasing NPs concentrations. When exposed to nano-ZnO for longer 
exposure time, carotenoid content in plants dramatically declined with increasing 
nano-ZnO concentration. At the highest concentration (10 mg/l for 6 weeks), 
carotenoid content declined by 75% when compared to the control. There was 
significant variation (F4,15 = 64.20, p < 0.01), in carotenoid content at the end of 6 
weeks exposure, the difference was due to treatments 3 and 10 mg/l being different 
from all other treatments. 
Zn content in plant (Figure 14c) exposed to nano-ZnO for one week gently enhanced 
from 0.2 mg/l to 3.99 mg/l with increased nano-ZnO concentration. When Lemna 
minor was exposed to nano-ZnO for six weeks, Zn content gradually improved, from 
0.2 mg/g with 0 mg/l nano-ZnO to 5.82 mg/g with 3 mg/l nano-ZnO. There was a 
dramatic increase in Zn content (58.86 mg/g) in plant exposed to 10 mg/l for six 
weeks, the content was over 10 times more than that in plant exposed to 3 mg/l for 
six weeks and plant exposed to 10 mg/l for one week. 
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Figure 14. Relative chlorophyll content (a), relative carotenoid content (b) and Zn 
content (c) of Lemna minor grown under PAR for up to 6 weeks with different 
concentrations of added nano-ZnO (0, 0.3, 1, 3, 10 mg/l) in the medium. IC50 values 
(mg/l): relative chlorophyll content: week 1 = 12.7, week 6 = 3.5; relative carotenoid 
content: week 1 > 10, week 6 = 4.9. Control values (mg/g): chlorophyll content: 
week 1 = 1.12, week 6 = 1.00; carotenoid content: week 1 = 0.17, week 6 = 0.16. SE 
is shown. 
 
Mechanism of added nano-ZnO toxicity 
 
Released Zn ions from nano-ZnO 
The concentration of released Zn ions in medium (Figure 15) treated with 1 mg/l 
nano-ZnO increased slightly from day 0 onwards, peaked on day 5 while a gentle 
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decrease was found on day 7. Released Zn ions can already be observed on day 0 
(2-4 hours incubation) when a concentration of 10 mg/l nano-ZnO was applied to the 
medium. There were significant time-dependent variations in Zn2+ content in 
medium containing 1 or 10 mg/l nano-ZnO (F4,18 = 5.91, p < 0.01; F4,18 = 70.38, p < 
0.01, respectively). At each day, the concentration of Zn2+ was significantly higher 
than at day 0, for both the 1 mg/l and 10 mg/l treatments. There were significant 
variations in Zn2+ content on each day when different concentrations of nano-ZnO 
were applied (day0: F2,11 = 2214.15, p < 0.01; day1: F2,11 = 528.13, p < 0.01; day3: 
F2,10 = 243.04, p < 0.01; day5: F2,9 = 557.61, p < 0.01; day7: F2,9 = 170.02, p < 0.01).  
 
 
Figure 15. Concentration (mg/l) of released Zn ions in medium to which different 
concentrations of nano-ZnO (0, 1, 10 mg/l) were added, and as a function of time. 
SE is shown. 
 
Toxicity of released Zn ions 
The potential contribution of released Zn ions to the toxicity of nano-ZnO was 
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investigated. Zn ions were gradually added into medium such as to mimic the 
dynamic process of Zn2+ release during 7 days (Figure 15). The amount of Zn2+ 
gradually added throughout 7 days is given as the “Zn2+ equivalent of a particular 
concentration of nano-ZnO”. Relative biomass growth rate (Figure 16a) and relative 
frond number growth rate (Figure 17a) declined by 70% and 60% respectively, when 
treated with different concentrations of nano-ZnO. If plants were treated with “Zn2+ 
equivalent of nano-ZnO”, relative biomass growth rate and relative frond number 
growth rate decreased similarly to that of plants treated with nano-ZnO. Relative root 
length (Figure 16b) decreased by 10% and 41% when plants were treated with 1 and 
10 mg/l nano-ZnO, respectively. If the “Zn2+ equivalent of 1 or 10 mg/l nano-ZnO” 
was applied, root length fell similarly by 23% and 58%, respectively. Chlorophyll 
content (Figure 17b) declined by 17% and 39% when plants were treated with 
increasing concentrations (1 and 10 mg/l, respectively) of nano-ZnO. If plants were 
treated with “Zn2+ equivalent of 1 or 10 mg/L nano-ZnO”, the chlorophyll content 
dropped similarly to that of plants treated with nano-ZnO. There were significant 
variations (p < 0.01) in endpoints (relative biomass growth rate, relative root length, 
relative frond number growth rate and relative chlorophyll content) of plants treated 
with nano-ZnO or the “Zn2+ equivalent of nano-ZnO”, these differences were due to 
all treatments with nano-ZnO or Zn ions were different from each other; there was 
no significant difference in the effects of applied nano-ZnO and Zn ions (p > 0.05).  
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Figure 16. Relative biomass growth rate (%) and relative root length (%) of Lemna 
minor treated with “Zn2+ equivalent of nano-ZnO” and added nano-ZnO for up to 7 
days. IC50 values (mg/l): biomass-Zn2+ = 3.7, biomass-NP = 4.0; root length-Zn2+ = 
3.8, root length-NP = 4.2. Control values: biomass growth rate (/day) Zn2+ = 0.30, 
NP = 0.35; root length (mm) Zn2+ = 56.55, NP = 35.35. SE is shown. 
 
 
Figure 17. Relative frond number growth rate (%) and relative chlorophyll content 
(%) of Lemna minor treated with “Zn2+ equivalent of nano-ZnO” and added 
nano-ZnO for up to 7 days. IC50 values-Zn ions (mg/l): frond number = 3.8, 
chlorophyll content = 5.6. IC50 values-nano-ZnO (mg/l): frond number = 4.0, 
chlorophyll content = 4.4. Control values (Zn ions): frond number growth rate (/day) 
= 0.23, chlorophyll content (mg/g) = 0.75. Control values (nano-ZnO): frond number 
growth rate (/day) = 0.30, chlorophyll content (mg/g) = 0.95. SE is shown. 
 
Fv/Fm of plants grown in half-strength Hutner’s medium decreased lightly during 7 
days of growth (Figure 18a). This difference was due to Fv/Fm on day 7 being 
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different from day 0 and day 1. When plants were treated with 1 mg/l nano-ZnO, 
Fv/Fm declined from above 0.76 to 0.7. If plants were treated with the “Zn2+ 
equivalent of 1 mg/l nano-ZnO”, Fv/Fm value almost overlapped with those of 
plants treated with nano-ZnO (Figure 18b). There was significant variation (F4,19 = 
3.99, p = 0.021) in the treatments with different concentrations of the “Zn2+ 
equivalent of nano-ZnO”, this was due to day 7 being different from day 1 and day 
3. T-test showed no significant difference in Fv/Fm values for plants treated with the 
two types of Zn during the first 5 days of the experiment, however, there was a 
significant difference on day 7 (T = 4.62, p = 0.019). Fv/Fm fell dramatically when 
plants were treated with 10 mg/l nano-ZnO (Figure 20c). If plants were treated with 
the “Zn2+ equivalent of 10 mg/l nano-ZnO”, Fv/Fm values decreased similarly to that 
of plants treated with nano-ZnO. Significant variations were found in treatments 
with nano-ZnO or the “Zn2+ equivalent of nano-ZnO” (F4,19 = 5.82, p < 0.01 ; F4,19 = 
45.85, p < 0.01, respectively). The difference in Fv/Fm caused by nano-ZnO was due 
to day 7 being different from day 0 and day 1, the difference in Fv/Fm of plants 
treated with “Zn2+ equivalent of nano-ZnO” was due to all days being different from 
each other except that there was no difference between day 0 and day 1 as well as 
day 3 and 5. T-test showed no significant difference in Fv/Fm between treatments 
with nano-ZnO and the “Zn2+ equivalent of nano-ZnO” during 7 days (p > 0.05).  
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Figure 18. Fv/Fm of Lemna minor treated with “Zn2+ equivalent of nano-ZnO” and 
added nano-ZnO for up to 7 days. SE is shown. 
 
Effect of pH on the toxicity of added nano-ZnO 
The concentration of released Zn ions from added nano-ZnO (Figure 19) strongly 
depended on both the applied nano-ZnO concentration and the pH of the medium. 
When the pH value was higher than 8, the release of Zn2+ from nano-ZnO almost 
ceased. The concentration of released Zn ions from 1 mg/l nano-ZnO was near 0.7 
mg/l at pH 2.5, peaked at pH 4.5 and then decreased to virtually zero at higher pH 
value. The concentration of “Zn2+ equivalent of 10 mg/l nano-ZnO” was 9 mg/l at 
pH 2.5, peaked at pH 4.5 and then dramatically dropped to around 1 mg/l at pH 6.5, 
and around 0.2 mg/l at pH 8. 
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Figure 19. Content of Zn2+ (mg/l) in medium with different pH values (2.5, 4.5, 6.5, 
8, 10) to which different concentrations (0, 1, 10 mg/l) of nano-ZnO had been 
suspended for 7 days. SE is shown. 
 
The importance of leaked Zn-ions for toxicity was studied by analysing plant 
responses to added nano-ZnO at different pH values. At pH value greater than 6.5, 
relative growth rate (day-1) and root length (mm) of plants not treated with nano-ZnO 
remained almost the same as the untreated control (Figure 20ab). The relative growth 
rate of plants (Figure 20a) treated with nano-ZnO at pH 4.5 decreased with 
increasing nano-ZnO concentration. At pH 6.5, relative growth rates of plants treated 
with 1 mg/l and 10 mg/l nano-ZnO overlapped but were still smaller than those of 
the control. When a higher pH was applied (pH = 8), the growth rate of plants treated 
with 1 mg/l nano-ZnO was the same as that of the control, although the growth rate 
was decreased at the 10 mg/l nano-ZnO treatment. The root length of plants was 
reduced with increasing nano-ZnO concentration at pH 4.5. At higher pH values 
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(6.5, 8, 10), there was no significant change in root length in plants treated with 
increasing nano-ZnO concentration. There was no significant variation in growth 
rate and root length of plants treated with different pH values at each nano-ZnO 
concentration (effect of different pH, p > 0.05). There were significant variations in 
growth rate of plants treated with different concentrations of nano-ZnO at pH 4.5 
and 6.5. The significant variation at pH 4.5 (F9,11 = 17.68, p < 0.01) was due to 
nano-ZnO treatments 0 mg/l and 10 mg/l as well as 1 mg/l and 10 mg/l being 
different from each other; the significant variation at pH 6.5 (F9,11 = 5.96, p < 0.01) 
was due to nano-ZnO treatments 1 mg/l and 10 mg/l being different from the control. 
There was significant variation (F9,11 = 7.73, p < 0.01) in root length of plants treated 
with different concentrations of nano-ZnO at pH 4.5, the difference was due to 
nano-ZnO treatment 10 mg/l being different from the control. 
 
 
Figure 20. Relative growth rate (day-1) (a) and Root length (mm) (b) of Lemna 
minor exposed to different concentrations (0, 1, 10 mg/l) of added nano-ZnO for 7 
days at different pH values (4.5, 6.5, 8). SE is shown. 
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When plants were cultured in medium without NPs at different pH values, 
chlorophyll content (Figure 21a) was relatively low in plants grown at pH 4.5, 
increased slightly at pH 6.5 and then dropped to a steady state at higher pH values (8 
and 10). If plants were treated with 1 mg/l nano-ZnO, chlorophyll content was 
constant. Chlorophyll content of plants treated with 10 mg/l nano-ZnO, had 
increased at higher pH values. The carotenoid content of plants (Figure 21b) grown 
with medium with different pH values was fairly constant, irrespective of nano-ZnO 
exposure. There were significant variations in chlorophyll content of plants treated 
with different concentrations of nano-ZnO. The difference at 0 mg/l nano-ZnO 
(F11,14 = 6.11, p < 0.05) was due to the chlorophyll content at pH 6.5 being different 
from that at pH 8. There were significant variations in chlorophyll content of plants 
grown at different pH values. The difference at pH 4.5 (F9,11 = 11.52, p < 0.01) was 
due to the control being different from all other treatments; the difference at pH 6.5 
(F9,11 = 8.62, p < 0.01) was due to treatment with 1 mg/l nano-ZnO being different 
from the control; the difference at pH 8 (F9,11 = 4.85, p < 0.05) was due to treatment 
1 mg/l nano-ZnO being different from treatment 10 mg/l nano-ZnO. There was 
significant variation (F11,14 = 8.32, p < 0.01) in carotenoid content of plants treated 
with 1 mg/l nano-ZnO, this difference was due to treatment pH 8 being different 
from all other treatments. However, there was no significant variation in carotenoid 
content in plants grown at different pH values. 
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Figure 21. Chlorophyll content (mg/g) (a) and Carotenoids content (mg/g) (b) of 
Lemna minor exposed to different concentrations (0, 1, 10 mg/l) of nano-ZnO for 7 
days at different pH values (4.5, 6.5, 8). SE is shown. 
 
Fv/Fm values of plants cultured in medium without NPs at different pH values 
remained fairly constant. When plants were treated with 1 mg/l and 10 mg/l added 
nano-ZnO, an increase of Fv/Fm was found at pH 8, compared to lower Fv/Fm 
values. At all pH values, the Fv/Fm in plants treated with 10 mg/l nano-ZnO was 
lower than that of plants treated with 1 mg/l nano-ZnO. There was significant 
variation in Fv/Fm of plants treated with 10 mg/l nano-ZnO (F12,15 = 5.70, p < 0.05). 
This difference was due to treatment pH 8 being different from treatments pH 4.5. 
There were significant variations in Fv/Fm of plants treated with pH 4.5 and 6.5 
(F9,11 = 5.04, p < 0.05; F9,11 = 10.84, p < 0.01 respectively). This difference was due 
to treatment 10 mg/l nano-ZnO being different from the control. 
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Figure 22. Fv/Fm of Lemna minor exposed to different concentrations (0, 1, 10 
mg/l) of nano-ZnO for 7 days at different pH values (4.5, 6.5, 8). SE is shown. 
 
Zn content in Lemna minor exposed to nano-ZnO at pH 4.5 and 8 for 7 days was 
measured. During the exposure time, Zn content in fronds went up with increasing 
nano-ZnO concentration, from 0.2 to just under 1 mg/g at the highest nano-ZnO 
concentration (10 mg/l). Compared to the same nano-ZnO concentration at pH 4.5 
(grey line) 4 times less Zn accumulates in the fronds kept at pH 8.0. 
 
 Figure 23. Zn content (mg/g) in Lemna minor exposed to different concentrations 
(0, 1, 10 mg/l) of nano-ZnO at pH 4.5 and 8 for 7 days. SE is shown. 
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Discussion  
 
Are ZnO nanoparticles toxic? 
Because of increasing applications of nano-ZnO in many different areas (agriculture, 
energy, cosmetics etc.), their possible toxicity to the environment has become a 
source of concern (Xia et al., 2008; Zhu et al., 2010; Miller et al., 2010). Several 
studies have quantified the effects of nano-ZnO on different species. Test species 
included plants and microalgae such as Cicer arietinum (Pandey et al., 2010; 
Mahajan et al., 2011), Vigna radiata (Mahajan et al., 2011), Lolium perenne (Lin 
and Xing, 2008), Arabidopsis thaliana (Lee et al., 2010), Fagopyrum esculentum 
(Lee et al., 2013), Allium cepa (Kumari et al., 2011; Ghodake et al., 2011), Prosopis 
juliflora-velutin (Hernandez-viezcas et al., 2010), and Pseudokirchneriella 
subcapitata (Franklin et al., 2007). Animal species used for testing were Acartia 
tonsa (Jarvis et al., 2013), Eisenia veneta (Hooper et al., 2011), Collembola (Kool et 
al., 2011), Tetrahymena thermophila (Mortimer et al., 2010), while human liver cells 
(Sharma et al., 2012), head and neck squamous cells, and carcinoma cells 
(Hackenberg et al., 2010) have also been used to determine nano-ZnO susceptibility. 
Bacteria used for testing of nano-ZnO toxicity include Escherichia coli and Bacillus 
subtilis (Kim and An, 2012). A common conclusion of studies mentioned above is 
that nano-ZnO negatively affected all tested species. Negative effects included 
inhibition of growth of plant, microalgae and bacteria as well as harmed animal and 
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human cells. The only exception is that nano-ZnO increased growth of Cicer 
arietinum and an optimum nano-ZnO concentration could be determined (Pandey et 
al., 2010; Mahajan et al., 2011) 
This study shows that the addition of nano-ZnO to half-strength Hutner’s medium 
caused plant stress, with negative effects on biomass accumulation, frond number, 
root length, photosynthetic efficiency and pigment content of Lemna minor, in both 
short (1 week) and long-term (6 weeks) exposure experiments. In long-term 
exposure experiments nano-ZnO toxicity increased with time of exposure.  
 
Characterization of the impact caused by nano-ZnO in the growth medium 
 
Table 3. Estimated IC50 values (mg/l) of endpoints of Lemna minor exposed to 
nano-ZnO (0, 1, 10 mg/l) for one or six weeks. 
Endpoints One week exposure Six weeks exposure 
Biomass 8.8 3.2 
Frond number >10 4.2 
Root length >10 2.3 
Chlorophyll content >10 3.5 
Carotenoid content >10 4.9 
 
Table 3 shows the IC50 values of measured endpoints of Lemna minor exposed to 
nano-ZnO for either one or six weeks. The IC50 values showed that chlorophyll 
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content (IC50 = 73.3 mg/l) is less sensitive to nano-ZnO than the biomass growth rate 
(IC50 = 8.8 mg/l). This is consistent with the observation that fronds exposed to 
nano-ZnO accumulated less biomass than the control, but were still green and able to 
carry out photosynthesis. Thus, concentrations of nano-ZnO that inhibited growth 
did not cause widespread cellular damage and chlorosis. A study undertaken by Lee 
et al., (2012) investigated the impact of nano-ZnO on F. esculentum. The authors 
showed that seedling growth (i.e. biomass accumulation) declined with increasing 
nano-ZnO concentration. In the F. esculentum study very high concentrations of 
nano-ZnO were used (10–2000 mg/l). Nevertheless, the much lower (2-orders of 
magnitude) nano-ZnO concentrations used in this study also significantly reduced 
the biomass of L. minor. Concentrations of 10 and 30 mg/l nano-ZnO inhibited 
biomass production by 50% and 60%, respectively (Figure 1b). It is concluded that 
the toxicity threshold varies depending on plant species and, most likely, a range of 
environmental parameters. Lee et al., (2010) reported that nano-ZnO (400, 2000, 
4000 mg/l) also exerted an inhibitory effect on the leaf number of Arabidopsis 
thaliana. These authors found that the leaf number was reduced from 10 in the 
control plants, to 0 in plants treated with 400, 2000 or 4000 mg/l nano-ZnO. A 
decrease in leaf number is often interpreted as a decrease in cell division. So Lee et 
al., (2010) concluded that nano-ZnO was toxic to A. thaliana. In our case, frond 
number was negatively affected by nano-ZnO treatments, i.e. growth and 
development were inhibited. Lin and Xing (2007) reported that a 2000 mg/l 
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nano-ZnO suspension significantly inhibited and almost terminated root growth of 
corn. The authors also found that if seeds of five tested plant species were soaked 
and incubated in a suspension of nano-ZnO, germination of corn, and root growth of 
all species were retarded. Inhibitory effects on root growth also occurred in my tests, 
elongation of roots of L. minor raised on medium with added nano-ZnO was 
negatively influenced, and this effect became stronger as the nano-ZnO 
concentration was higher (Figure 1c). Roots were nearly absent after 3 or more 
weeks of exposure to 10 mg/l nano-ZnO (Figure 9). Lee et al., (2013) and Lin and 
Xing (2008) investigated the impact of nano-ZnO on F. esculentum and ryegrass root 
growth, respectively. In both studies, plants exposed to nano-ZnO displayed 
morphological alterations such as shortened and damaged roots. Scanning Electron 
Microscope (SEM) images of the root surface of nano-ZnO exposed plants showed 
NPs adhering onto the root tips, and the authors speculated that this could lead to a 
direct inhibition on root growth (Lee et al., 2013). In our study, all organismal 
endpoints (biomass growth rate, frond number growth rate and root length, Figure 1) 
all decreased when exposed to 10 mg/l concentration of added nano-ZnO. Based on 
the literature as well as our own study, we conclude that nano-ZnO is toxic to plants. 
Observed effects of nano-ZnO on frond number may suggest a negative effect on 
cell division, whilst effects on root length may also imply a negative effect on 
cellular elongation. Future microscopic analysis will be required to identify the cause 
of smaller organ size. However, it is clear that nano-ZnO ultimately causes a 
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decrease in biomass accumulation of exposed plants.  
 
Impact of nano-ZnO on photosynthetic efficiency and chlorophyll content 
Chlorophyll is the key pigment for photosynthesis. Chlorophyll levels vary 
depending on parameters such as temperature, light intensity, nutrient deficiency, pH 
value and water supply (Madsen, 1995; Todorov et al., 2003; Koca et al., 2007). 
Chlorophyll levels are often decreased in severely stressed plants (distress) and this 
is associated with a general disruption of photosynthesis (Barton, 2001). In this 
study, chlorophyll content was reduced by 50% when plants were exposed to the 
highest added nano-ZnO concentration. The decrease in chlorophyll content was 
visible as chlorotic colonies. Irrespective of chlorophyll content, photosynthetic 
efficiency can also vary, and several parameters were used to quantify the impact of 
added nano-ZnO on photosynthesis, these include Fv/Fm, NPQ, qP and Y(II). Fv/Fm 
values represent the maximum efficiency of photosystem II, and this is measured in 
dark-adapted plants. Fv/Fm values of untreated plants (Figure 2) were in the range 
between 0.75 and 0.8, according to Maxwell and Johnson (2000), such plants can be 
classified as healthy. However, Fv/Fm values decreased when the concentration of 
added nano-ZnO in the medium increased. A drop in Fv/Fm values indicates a 
decrease in the maximal efficiency of photosystem II, and that plants were stressed 
by added nano-ZnO. A more detailed study of photosynthetic efficiency under 
steady state conditions showed that both qP (proportion of opened photosystem II 
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(PSII) reaction centres, Schreiber et al., 1986) and Y(II) (proportion of absorbed 
light that used in photochemistry), decreased with increasing concentration of added 
nano-ZnO in the medium. The decrease in qP indicates that at higher nano-ZnO 
concentration, more PSII centres are in a reduced-state, and that the flow of electrons 
away from PSII is inhibited. NPQ increased with increasing nano-ZnO concentration 
in the medium. This increase in NPQ, and the decrease in Y(II) indicate that more 
light is dissipated as heat or fluorescence when plants are exposed to nano-ZnO 
(Maksymiec and Baszyński, 1996; Mallick and Mohn, 2003). Similarly, other 
researchers also found Zn2+ induced decreases in qP and Y(II) (Monnet et al., 2001; 
Mallick and Mohn, 2003). Thus, it can be concluded that nano-ZnO negatively 
affected photosynthesis by decreasing chlorophyll content, Fv/Fm, qP, Y(II) and by 
enhancing NPQ. To investigate the dynamics of nano-ZnO toxicity on 
photosynthesis, Fv/Fm values were measured daily (Figure 5). The data showed that 
decreases of Fv/Fm did not appear until fifth or sixth day, when plants were exposed 
to low concentrations of nano-ZnO. However, when higher concentrations were used 
(10 and 30 mg/l nano-ZnO), decreases in Fv/Fm could be observed from the first day 
of treatment. Thus, nano-ZnO exerts a rapid, negative effect on photosystem II, and 
this can be measured long before effects on other endpoints (biomass, frond number, 
root length, pigment content) are visible. The fast response of Fv/Fm can potentially 
be used for rapid, environmental monitoring for nano-ZnO.  
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Comparative toxicity of nano-ZnO in young and mature fronds 
Plant tolerance to stressors varies depending on plant age and developmental stage. 
Here, it was found that all Fv/Fm values of nano-ZnO treated young fronds were 
lower than those of mature fronds, and also declined faster (8% more) with 
increasing added nano-ZnO concentration (Figure 6), Thus, daughter fronds of 
Lemna minor were more sensitive to added nano-ZnO than mature fronds. 
Previously, it was shown that Cu ions caused toxic effects that were more 
pronounced in mature leaves of oat than in young leaves (Luna et al., 1994). 
Similarly, Krupa and Moniak (1998) and Vinit-Dunand et al., (2002) also found that 
mature leaves or sections of tested plants were more sensitive to given stressors 
(Cadmium and Copper, respectively) than young leaves or sections. This was 
hypothesized to be due to mature parts having been exposed to the stressor for a 
longer period, i.e. toxicity tended to be accumulative. However, studies done by 
Knuteson et al., (2002) and Lahive et al., (2012) showed something different. Young 
biomass of simazine treated rye grass was more affected than older biomass 
(Knuteson et al., 2002). Similarly, according to Lahive et al., (2012), young fronds 
of Landoltia punctata were more affected by Zn ions than mature fronds. Lahive et 
al., (2012) hypothesized that daughter fronds are already in contact with medium 
(and any dissolved toxin) while still being in the meristematic pockets in mother 
fronds, a situation which is quite distinct to that for many aerial parts of terrestrial 
plants. It has also been argued, that the defence system of young, developing tissues 
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is not fully developed, which can also result in accumulated toxicity (Calatayud et 
al., 2003; Tu and Ma, 2005). 
 
Long-term nano-ZnO toxicity  
Gubbins et al., (2011) studied the toxicity of nano-Ag on Lemna minor and 
compared the effects of different exposure times (7 and 14 days) on growth. They 
found that when plants were exposed to nano-Ag for 14 days, the inhibition of 
growth was greater than when plants were exposed for just 7 days. Gubbins et al., 
(2011) suggested that NPs might gradually affect the plants while they are 
accumulating. Similarly, long-term exposure (96 hours) of the green algae 
(Pseudokirchneriella subcapitata) to nano-TiO2 caused greater negative effects than 
short-term exposure (48 hours) (Hall et al., 2009). Based on the studies by Hall et 
al., (2009) and Gubbins et al., (2011) we hypothesized that long-term exposure to 
nano-ZnO would lead to accumulated toxicity on plants. To test this hypothesis, L. 
minor fronds were exposed for long terms to nano-ZnO. It has variously been 
reported that the lifespan of Lemna minor fronds is about 5 weeks (Hossell and 
Baker, 1979), 5-6 weeks (Ashby et al., 1949), 7 weeks (Prison and Goellner, 1953) 
or 9-10 weeks (Wangermann, 1952). In order to expose fronds for most of their life 
span, we choose to expose L. minor for up to 6 weeks to nano-ZnO (Figure 7 to 14). 
A comparison of effects caused by one or 6 week nano-ZnO exposure showed 
increased toxicity for all endpoints. Besides, Zn accumulation in Lemna minor with 
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six-week nano-ZnO exposure was found much more than that with one-week 
nano-ZnO exposure (Figure 14c). Thus, nano-ZnO toxicity is accumulative. This 
implies that one-week exposure (recommended by OECD guidelines) for 
determining the toxicity of nanoparticles does not fully reveal the impact of 
nano-ZnO on L. minor. 
 
A role for Zn ions in nano-ZnO toxicity  
According to Franklin et al., (2007), Heinlaan et al., (2008), Mortimer et al., (2010) 
and Hooper et al., (2011), released metal ions from metal-oxide nanoparticles may 
be the main cause of nanoparticle toxicity. To investigate this hypothesis, the release 
of Zn ions by nano-ZnO was quantified. The results show that with increasing 
nano-ZnO concentration, increasing concentrations of Zn ions can be measured in 
the medium (Figure 15). The data also show that the release of Zn ions is rapid, and 
high concentrations of ions can already be found on day 1 (consistent with the rapid 
decrease of Fv/Fm on day 1; see Figure 5). Calculations indicate that after day 1, the 
applied nano-ZnO (1 mg/l and 10 mg/l) was nearly fully dissolved. Based on the 
knowledge that Zn ions accumulate in half-strength Hutner’s medium that was 
supplemented with nano-ZnO, an experiment was designed to determine the toxicity 
of these released Zn ions. Zn ions were added on a daily basis to the medium, such 
that the Zn ion concentration was identical to that in medium supplemented with 
nano-ZnO. The amount of added ionic zinc is given as the “Zn2+ equivalent of 
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nano-ZnO”. The results show that the impact of the “Zn2+ equivalent of nano-ZnO” 
on all endpoints was similar to that of nano-ZnO (Figure 16-18). Therefore, it is 
hypothesized that the toxicity of nano-ZnO added to half-strength Hutner’s medium 
is mainly due to dissolved Zn ions. The pH value of standard half-strength Hutner’s 
medium is around 4.5. At this pH, added nano-ZnO were almost fully dissolved after 
just one day exposure in the medium (Figure 15). Yet, the amount of leaked Zn ions 
was significantly decreased at higher pH values (Figure 19), and almost no leaked 
Zn ions could be measured at pH 8. L. minor treated with added nano-ZnO (0, 1, 10 
mg/l) at pH 8 showed no significant negative effect on endpoints except for a small 
increase in chlorophyll content. Zn content in plant treated with 10 mg/l nano-ZnO at 
pH 8 (1 mg/g) was lower than that at pH 4.5 (3.99 mg/g, Figure 23). According to 
Lahive et al., (2012), a plant Zn content of 1 mg/g in a dried Lemna minor sample 
causes no significant inhibition of growth. Moreover, in our experiments it is likely 
that some of the accumulated zinc is still in the nano-form, and might not even have 
penetrated the cells. The lack of released Zn ions and the lack of a significant effect 
on L. minor at pH 8, are consistent with a major role for Zn ions in causing 
nano-ZnO toxicity at pH 4.5. Although plants accumulate some extra zinc at pH 8 
(Figure 23), it is not clear whether this represents a small amount of released Zn 
ions, or rather nano-ZnO particles attached to fronds. Interestingly, plants treated 
with 10 mg/l nano-ZnO at pH 8 displayed a slightly higher chlorophyll content 
(Figure 21a), which may indicate that nano-ZnO may still have a more minor 
Chapter	  II	  Description	  of	  nano-­‐ZnO	  toxicity	  	  
	   90	  
positive effect on plants. The pH values of natural surface waters vary widely, but 
values in the range between pH 6.5–8.5 are common (Smedley and Kinniburgh, 
2002). Thus, the pH of water bodies may be an important determinant of the 
environmental fate of discharged nanoparticles, and therefore its biological impact. 
Based on the results of my study, it is predicted that in acidic waters a large 
proportion of nano-ZnO dissolves as Zn ions, and any biological effect is caused by 
these metal ions. In contrast, in alkaline waters nanoparticles are more stable, but not 
toxic to L. minor. 
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Abstract 
 
Manufactured ZnO nanoparticles (nano-ZnO) are used in many different 
applications. Functional coating materials have been added to nano-ZnO for specific 
uses and better performance in applications. This study has investigated the effect of 
silane coupling agent (KH550) coated nano-ZnO on Lemma minor in half-strength 
Hutner’s medium and compared the differences in effect between coated and 
uncoated nano-ZnO. Results show that at pH = 4.5 and in half-strength Hutner’s 
medium: 1) Coated nano-ZnO had smaller hydrodynamic diameter than uncoated 
nano-ZnO; 2) Release of Zn ions was reduced and slower for coated nano-ZnO 
compared to uncoated nano-ZnO; 3) Significant differences (p < 0.05) in toxicity 
between coated and uncoated nano-ZnO were found on biomass growth rate and 
Fv/Fm value at pH 4.5. No toxic effect was found at pH 8 for both types of 
nano-ZnO. It was concluded that coating on engineered nano-ZnO can decrease the 
release of Zn ions, which reduces toxicity for Lemna minor. 
 
Introduction 
 
Nano-ZnO are a versatile material that possesses unique properties such as high 
catalytic efficiency, strong absorption ability, wide band gap, high exciton binding 
energy, and stable wurtzite structure. Nano-ZnO have become the ideal material for 
Chapter	  III	  Effect	  of	  coated	  nano-­‐ZnO	  on	  Lemna	  minor	  	  
	  103	  
use in many applications such as solar cells (Gal et al., 2000), varistors (Shi et al., 
2003), bioimaging systems (Wu et al., 2007), piezoelectric devices (Wang, 2009), 
cosmetics (Vigneshwaran et al., 2006), sensors (Corso et al., 2008), antireflective 
coatings (Lü et al., 2007) and antibacterial soaps and gels (Zhang et al., 2006; Jin et 
al., 2008). Most of above-mentioned applications involve nano-ZnO with tailored 
surface modifications (i.e. coating). 
 
Reasons for coating 
Nano-ZnO are coated for two different reasons. The first is for special applications 
whereby the reactive properties of the nanomaterial are determined by the coating 
material and/or the chemical reactions in the interface between coating material and 
zinc oxide (Hong et al., 2006). Aminosilane (Grasset et al., 2003), aliminate (Fangli 
et al., 2003) and SiO2 (Hong et al., 2006) coated nano-ZnO have been reported to 
change optical properties when compare to uncoated nano-ZnO. Liqiang et al., 
(2004) have reported improved photocatalytic activity of palladium-coated 
nano-ZnO, resulting from an increase in photoinduced electron-hole pairs. Such 
photoinduced, coated nano-ZnO have been used to oxidize a range of substrates, 
including air pollutants such as heptane (n-C7H16) and sulfur dioxide (SO2). 
Decreased UVA absorbance has been found by Liao et al., (2006) for TiO2-coated 
nano-ZnO. These studies emphasize that the chemical character of the coating can 
have substantial effects on nano-ZnO reactivity. The second reason for coating is to 
Chapter	  III	  Effect	  of	  coated	  nano-­‐ZnO	  on	  Lemna	  minor	  	  
	  104	  
modify particle aggregation and binding, and therefore ultimately distribution. In 
organic matrices, the compatibility of nano-ZnO can be changed by varying the 
coating. For example, stable suspensions of nano-ZnO in n-hexane and n-propanol 
have been found by Hong et al., (2006) and Posthumus et al., (2004), respectively. 
The altered compatibility was caused by a change of nano-ZnO polarity from polar 
to non-polar after coating. Coating can also affect dispersal. Because of its high 
surface energy, nano-ZnO tends to agglomerate easily in inorganic matrices 
(Mallakpour and Madani, 2012), such as Hutner’s medium, which may affect the 
exposure of cells to nano-ZnO. Better dispersion of nano-ZnO was shown after 
polystyrene, SiO2, silane coupling agent or polymethacrylic acid had been linked to 
the nano-ZnO surface (Tang et al., 2006; Hong et al., 2009; Mallakpour et al., 2012; 
Maschhoff et al., 2014).  
 
Toxicity of coated nano-ZnO 
Coating can affect also nano-ZnO toxicity. The toxicity of coated nano-ZnO can 
potentially be increased due to less aggregation and improved distribution, when 
compared to uncoated nano-ZnO. Leite-Silva et al., (2013) found that silane 
coupling agent coated nano-ZnO penetrated deeper in human skin than uncoated 
nano-ZnO, and this was hypothesized to result in increased nano-ZnO toxicity in the 
skin. Silane coupling agent coated nano-ZnO was more toxic to Daphnia magna 
(Wiench et al., 2009) and Folsomia candida (Waalewijn-Kool et al., 2013) when 
Chapter	  III	  Effect	  of	  coated	  nano-­‐ZnO	  on	  Lemna	  minor	  	  
	  105	  
compared to uncoated nano-ZnO. This was attributed to the hydrophobic character 
of silane coupling agent coated nano-ZnO (Waalewijn-Kool et al., 2013). The 
coating (e.g. silane coupling agent) prevents the formation of Zn-O-Zn bonds 
between nano-ZnO and water molecules, and thus avoids agglomeration (Hong et 
al., 2006). Furthermore, sodium citrate coated nano-ZnO have been shown to travel 
longer distances in soil, which potentially means that toxicity can occur over a wider 
area (Zhao et al., 2012). In some cases, coating itself can also contribute to the 
toxicity. For instance, in experiments with springtails (Folsomia candida), the 
toxicity of silane coupling agent coated nano-ZnO slowly decreased due to the loss 
of the coating (Waalewijn-Kool et al., 2013). Results from Waalewijn-Kool et al., 
(2013) also suggest that coating can inhibit/delay the dissolution of nano-ZnO. It has 
been shown in our previous study (see Chapter II) that released Zn ions are the main 
reason for nano-ZnO toxicity to Lemna minor in half-strength Hutner’s medium. 
Thus, coating of nano-ZnO can be hypothesized to increase toxicity due to improved 
particle dispersal, and/or direct toxic effects of the coating, but also decrease toxicity 
due to decreased ion leakage.   
 
Silane coupling agent 
Silane coupling agent provides a stable bond between two otherwise non-bonding 
and incompatible compounds (Abdolmaleki et al., 2011). Adding of silane coupling 
agent onto the surface of nano-ZnO has been shown to help prevent agglomeration 
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(Abdolmaleki et al., 2011; Lin et al., 2012; Mallakpour and Madani, 2012). Silane 
coupling agent coated nano-ZnO have been found to have outstanding dispersion 
compared to other nano-ZnO with other coatings such as polyvinyl chloride and 
aluminate (Maschhoff et al., 2014). In this study, we have used silane coupling agent 
KH550 (3-Aminopropyltriethoxysilane) coated nano-ZnO to investigate its toxicity 
to Lemna minor. Endpoints such as relative biomass growth rate, relative frond 
number growth rate, root length and chlorophyll a fluorescence were measured, and 
toxicity was compared with that caused by uncoated nano-ZnO particles. 
 
Duckweeds 
In this study we have analysed toxicity of coated and uncoated nano-ZnO using a 
standardized Lemna minor toxicological testing system as detailed in the General 
Introduction. Duckweeds (Lemnaceae) are ubiquitous aquatic plants. Their rapid 
growth, small size and easy culturing make them recommended by EPA 
(Environmental Protection Agency, USA) and OECD for toxicological testing 
(Lewis, 1995). Besides, as important primary producers in aquatic ecosystems, they 
play potentially critical roles in determining fate and transport of nanoparticles in the 
environment through uptake and bioaccumulation (Ma et al., 2010).  
 
Objectives 
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To investigate the impact of uncoated and KH550-coated nano-ZnO on Lemma 
minor 
 
Specific aims: 
• To compare the effects of uncoated and KH550-coated nano-ZnO on growth 
and morphology (Biomass, root length, frond number) 
• To compare the effects of uncoated and KH550-coated nano-ZnO on 
photosynthesis (Chlorophyll a fluorescence) 
 
Material and Methods 
 
Plant material and experimental conditions 
Lemna minor was sourced from a pond in Blarney, Co. Cork, Ireland. An axenic 
stock culture was maintained in a growth room (culture conditions see Table 1).  
The stock culture was kept in glass containers filled with 250 ml half-strength 
Hutner’s medium (Brain and Solomon, 2007), which was refreshed every seven 
days. All toxicity tests were done in magentas containing 250 ml half-strength 
Hutner’s medium. The initial pH of the medium was 4.3-4.7, after autoclaving.  
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Table 1. Lemna minor experimental conditions 
 Medium 
Intensity of 
light 
(µmol/m2/s) 
Temperature 
(°C) 
Light 
cycle 
pH of medium 
(after 
autoclaving) 
Stock 
culturing 
Half-stren
gth 
Hutner’s 
medium 
70 21±2 
16h 
light/8h 
dark 
4.3-4.7 
Toxicity 
testing 
Half-stren
gth 
Hutner’s 
medium 
50 21±2 
24h 
light/0h 
dark 
4.3-4.7 
 
ZnO nanoparticles 
Nano-ZnO particles used in this study were purchased from US Research 
Nanomaterials, Inc. USA, and their size, purity and coating materials are as shown in 
Table 2. 
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Table 2. Information of nano-ZnO from the supplier 
 Nominal Size 
(nm) 
Purity (%) Coating 
Coated 20 >99 1wt% Silane Coupling Agent 
KH550 (C9H23N2O3Si) 
Uncoated 18 99.95 None 
 
Nano-ZnO concentration range 
The nano-ZnO concentration range was established by using growth rate as an 
endpoint and by measuring the lower and upper nano-ZnO concentrations that, 
respectively, facilitated normal growth and no growth at all. The used nano-ZnO 
concentration range was: 0, 1, 10 mg/l. All nano-ZnO suspensions were freshly made 
before use. 
 
Experimental design 
 
Each experiment had four independent replicates. 
Magentas containing 4 Lemna minor colonies, each with 3 fronds, were prepared. 
Half-strength Hutner’s medium was supplemented with various amounts of 
nano-ZnO to obtain the required concentration range. Nano-ZnO were added after 
autoclaving, the pH of the medium (pH 4.5 after autoclaving) was not substantially 
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changed by the addition of both types of nano-ZnO (< 0.2). Where indicated, 
either1M HCl or 1M NaOH were used to adjust the pH value of the medium. 
Colonies were exposed to nano-ZnO for 7 days (OECD guidelines, 2002), after 
which endpoints were measured. Treatments with uncoated nano-ZnO were set as 
positive control, treatments without nano-ZnO were set as negative control. 
 
Endpoints 
 
Biomass 
Relative biomass growth rate was calculated: 
     µ = (ln bt – ln bo) / (t - to)   
Where, bt = final biomass and bo = initial biomass (OECD, 2002), t = date of the end 
of exposure and t0 = date of the start of exposure. 
 
Frond number 
Relative frond number growth rate (µ) was calculated according to the formula:   
     µ = (ln nt – ln no) / (t - to)   
Where nt = final frond number and no = initial frond number (OECD, 2002). 
 
Root length 
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5 colonies were randomly selected from each treatment, placed on a filter paper and 
roots were gently pulled straight, and length (mm) was measured using a ruler. 
 
Chlorophyll a fluorescence 
Fv/Fm was measured using fluorometer equipped with ImagingWin software (PAM, 
Effeltrich, Germany). Before measurement, plants were dark-adapted for 15-20 
minutes. Three colonies were randomly selected from each replicate and surface 
water was removed by absorbent paper. The colonies were then placed on damp 
filter paper on the fluorometer stage. A weak measuring light (< 1 µmol/m2/s) was 
used to determine processed fluorescence (Fo), the minimum fluorescence obtained 
in the dark-adapted state. Maximum fluorescence (Fm) was determined for the 
dark-adapted state by applying a saturating pulse of white light (Marwood et al., 
2001). The maximum quantum efficiency of photosystem II (PSII) was then 
calculated as: (Fm-Fo)/Fm = Fv/Fm (Fv = variable fluorescence).  
 
Nanoparticle Tracking Analysis 
The size distribution, number and mean hydrodynamic diameter of the uncoated and 
KH550-coated nano-ZnO were characterised using a NanoSight LM20 system with a 
laser output of 30 mW at 650 nm (NanoSightTM, NanoSight Ltd., Wiltshire, SP4 
7RT, UK). Mean square displacements of single particles were determined by 
tracking the scattered light using Nanoparticle Tracking Analysis (NTA) technology. 
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Measurements were carried out with freshly made nano-ZnO suspensions with a 
concentration of 50 mg/l in half-strength Hutner’s medium (pH = 4.5), and results 
were the means of quintuplicate runs. All data were subsequently analysed using 
NanoSightTM software version 1.5. 
 
Content of released Zn ions 
To establish the dynamic release of Zn ions from coated/uncoated nano-ZnO, 
medium (without plants) was supplemented with 10 mg/l coated/uncoated nano-ZnO 
suspensions for up to 7 days, and medium samples were centrifuged at room 
temperature at 13300 rpm (= 12500 g) for 5 minutes after which supernatant was 
removed for Zn2+ content analysis. Zn ion content in medium was analysed using the 
flame method using a Varian SpectrAA 300 Atomic Absorption Spectrometer. 
 
Data analysis 
Dose-response curves were constructed in Excel 2010. The change of each endpoint 
with increasing nano-ZnO dose was calculated as a percentage of the control 
(100%), i.e. the relative response. Relative responses were expressed as means ± 
standard errors, which were calculated using Excel 2010. 95% confidence limits, 
based on quintiles, were calculated using the software Prism 5.01. Differences 
between treatments in each endpoint were analysed using Minitab 12.21, ANOVA 
Tukey test, post hoc Tukey test and 2-sample T-test (p < 0.05). 
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Result 
 
In this study, uncoated and KH550-coated nano-ZnO were added to half-strength 
Hutner’s growth medium with a pH of either 4.5 or 8.0, and impacts on the growth 
of Lemna minor were quantified.  
 
The size distribution, number and hydrodynamic diameter of KH550-coated and 
uncoated nano-ZnO were measured using NTA technology (Picture 1). Multimodal 
size-based distribution was found for both KH550-coated and uncoated nano-ZnO. 
The main peaks in particle size were 45, 95, 175 nm and 145, 205, 275 nm for 
coated (Picture 1a) and uncoated nano-ZnO (Picture 1b), respectively. The observed 
mean hydrodynamic diameters were 119.3 ± 30 nm (average ± SD) for coated 
nano-ZnO and 242.7 ± 23.2 nm (average ± SD) for uncoated nano-ZnO. Compared 
to uncoated nano-ZnO, most particles of which had a hydrodynamic diameter higher 
than 200 nm, coated nano-ZnO were less aggregated with relatively more particles 
with smaller average hydrodynamic diameter. When analyzing nano-ZnO 
suspensions of 50 mg/l, the mean particle numbers were 1.79 ± 0.8 × 107 
particles/ml for coated nano-ZnO and 8.33 ± 1.4 × 107 particles/ml for uncoated 
nano-ZnO. Thus, the data show different degrees of aggregation for the two types of 
nano-ZnO at the same concentration. According to the supplier, the nominal size for 
both types of nano-ZnO is 20 nm, however, from the NTA result, size of coated 
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particles (aggregated particles counted as one particle in NTA) varied mostly around 
45 nm (Picture 1a), while for uncoated particles, the size was much larger (around 
275 nm). 
 
 
Picture 1. Size distribution, hydrodynamic diameter of KH550-coated (a) and 
uncoated (b) nano-ZnO in half-strength Hutner's medium analysed using NTA 
technology. E6 = 106. 
 
The leakage of Zn ions from nano-ZnO into the medium was determined. The 
concentration of Zn ions in medium (Figure 1) exposed to 0 mg/l nano-ZnO (the 
negative control) stayed the same during the 7-day incubation in medium without 
plants. Released Zn ions content in medium supplemented with 10 mg/l 
KH550-coated nano-ZnO increased from around 1 mg/l immediately after 
supplementation, to more than 3 mg/l at day 1, and then very slowly increased 
during the following 6 days. In contrast, when medium was supplemented with 10 
mg/l uncoated nano-ZnO, Zn ions content increased dramatically from 2 mg/l 
immediately after supplementation, peaked with a high concentration of 7 mg/l 
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following 10 hours of incubation, and afterwards slightly increased to reach a final 
concentration of 8 mg/l at day 7. During the entire exposure period, from 0 hour to 
day 7, the concentration of released Zn ions from uncoated nano-ZnO was always 
higher than that from coated nano-ZnO. It is interesting to notice that it only took 10 
hours for uncoated nano-ZnO to release a steady state amount of Zn ions. At this 
stage, most of the nano-ZnO would have dissolved. In contrast, it took longer (24 
hours) for coated nano-ZnO to reach the relative steady dissolution point. Moreover, 
at this point only part of the coated nano-ZnO had dissolved. To further explain the 
difference (p < 0.01) between uncoated and coated nano-ZnO released Zn ions (gap 
between black and grey lines in Figure 1), the two types of nano-ZnO were dissolved 
in concentrated nitric acid, and the Zn content was measured. The similar Zn-content 
dissolved in nitric acid reveals the Zn content of the particles ([Zn] is 77% w/w for 
uncoated nano-ZnO and 75% for coated nano-ZnO). Thus, these data indicate that 
compare to uncoated nano-ZnO, coated nano-ZnO was not fully dissolved during 7 
days incubation in medium. There were significant time-dependent variations in Zn2+ 
content in medium containing coated or uncoated nano-ZnO (F5,23 = 32.58, p < 0.01; 
F5,23 = 44.23, p < 0.01, respectively). At each day, the concentration of Zn2+ was 
significantly higher than at hour 0, for both the coated and uncoated treatments. 
There were significant differences in Zn2+ concentration on each day when different 
types of nano-ZnO were applied (hour 0: F2,11 = 651.08, p < 0.01; hour 10: F2,11 = 
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165.34, p < 0.01; day 1: F2,11 = 242.11, p < 0.01; day3: F2,11 = 87.70, p < 0.01; day5: 
F2,11 = 385.99, p < 0.01; day7: F2,11 = 437.68, p < 0.01). 
 
 
Figure 1. Concentration (mg/l) of released Zn ions from coated/uncoated nano-ZnO 
(10 mg/l) in half-strength Hutner’s medium at pH 4.5 for 0, 10, 24, 72, 120 and 168 
hours, Standard Error (SE) is shown. 
 
Organismal endpoints 
To quantify the effect of added nano-ZnO, relative biomass growth rate, relative 
frond growth rate and root length were measured. At pH 4.5, all organismal 
endpoints were negatively affected by both types of nano-ZnO. However, no toxicity 
was found at pH 8. 
 
Relative biomass growth rate 
The relative biomass growth rate (Figure 2) decreased from 0.38 /day (control) with 
increasing concentrations of KH550-coated or uncoated nano-ZnO, at pH 4.5 (p < 
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0.05). However, the biomass growth rate of plants was not substantially affected by 
either type of nano-ZnO, when the pH of the medium was 8 (p > 0.05). It is 
noticeable that there is a difference in the biomass growth rate when plants were 
exposed to either 10 mg/l KH550-coated or uncoated nano-ZnO at pH 4.5. The 
biomass growth rate of plants treated with uncoated nano-ZnO is smaller than that of 
plants treated with 10 mg/l coated nano-ZnO. There was a significant difference (T = 
-6.07, p < 0.01) between 10 mg/l KH550-coated and uncoated nano-ZnO treated 
plants at pH 4.5, but there was no significant difference between silane coated and 
uncoated nano-ZnO treatments at other concentrations and pH values. 
 
 
Figure 2. Relative biomass growth rate (day-1) of Lemna minor exposed to 
coated/uncoated nano-ZnO for 7 days at pH 4.5 or 8. Star above bars indicates a 
significant difference (p<0.05). SE is shown.  
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Both the frond number growth rate and the root length of plants (Figure 3) decreased 
dramatically (p < 0.05) after the addition of nano-ZnO to medium at pH 4.5. A 
reduction of 50% and 25% in frond number growth rate and root length respectively 
were measured following treatment with a concentration of 10 mg/l. No reduction 
was observed in these two endpoints when the pH was 8 (p > 0.05). No major 
differences between KH550-coated and uncoated nano-ZnO treatments were 
observed for these two endpoints (p > 0.05). 
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Figure 3. Relative frond number growth rate (day-1) (a) and root length (mm) (b) of 
Lemna minor exposed to coated/uncoated nano-ZnO for 7 days at pH 4.5 and 8. SE 
is shown. 
 
Effects of coated nano-ZnO on maximal efficiency of photosystem II 
When plants were grown on increasing concentrations of uncoated nano-ZnO at pH 
4.5, Fv/Fm decreased markedly from 0.78 to 0.55 (Figure 4). At a low nano-ZnO 
concentration (1 mg/l), the Fv/Fm value of plant treated with KH550-coated 
nano-ZnO was similar to that of plant treated with uncoated nano-ZnO. However at 
the highest concentration of nano-ZnO (10 mg/l), the Fv/Fm value of plant treated 
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with coated nano-ZnO was higher (0.65) than that of plant treated with uncoated 
nano-ZnO (0.55). The difference in Fv/Fm values at 10 mg/l coated/uncoated 
nano-ZnO treatments at pH 4.5 was significant (T = -2.76, p = 0.05). No significant 
differences between the effects of coated/uncoated nano-ZnO treatments were 
observed at pH 8 (p > 0.05). 
 
Figure 4. Fv/Fm of Lemna minor exposed to coated/uncoated nano-ZnO for 7 days 
at pH 4.5 and 8. Star above bars indicates a significant difference (p<0.05). SE is 
shown. 
 
Discussion 
 
Is coated nano-ZnO toxic? 
Because of their special properties such as high band gap energy, high catalytic 
efficiency and strong absorption ability, nano-ZnO have been widely used in a range 
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of applications. Due to the large demand and production of nano-ZnO, it becomes 
urgent to assess both the risk of nano-ZnO ending up in the environment, as well as 
its impact on organisms and ecosystems. As most of the nano-ZnO used in various 
applications are coated, it is essential to take coating of nano-ZnO into consideration 
when study their biological effect. In recent years, increasing numbers of studies 
have focused on biological effects of coated nano-ZnO. However, few studies have 
investigated the toxicity of coated nano-ZnO on plants. The results of our study, in 
half-strength Hutner’s medium at pH 4.5 show that growth of Lemna minor was 
inhibited by both coated and uncoated nano-ZnO. In fact, our studies showed that all 
organismal endpoints (Figure 2, 3) were affected by coated nano-ZnO. 
 
Is there a difference in toxicity between coated and uncoated nano-ZnO? 
Our study using NTA technology shows that silane coupling agent coated nano-ZnO 
had a smaller hydrodynamic diameter (Picture 1) and weaker dissolution ability in 
half-strength Hutner’s medium at pH 4.5 (Figure 1). These data are in agreement 
with Mallakpour and Madani, (2012), Leite-Silva et al., (2013), Waalewijn-Kool et 
al., (2013) and Maschhoff et al., (2014), who all reported that coating decreased 
nanoparticle dissolution. From literature reviewed in the introduction part of this 
report, we know that the smaller hydrodynamic diameter of coated nano-ZnO may 
lead to easier penetration, and better dispersion of coated nano-ZnO, and therefore 
increased toxicity. Conversely, delayed release of Zn ions from coated nano-ZnO 
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may result in a decrease in toxicity caused by Zn ions. The experiments in this study 
were conducted mainly to investigate potential differences in toxicity of 
KH550-coated and uncoated nano-ZnO to Lemna minor. Significant differences 
were found in relative biomass growth rate and Fv/Fm value when plants were 
exposed to the highest concentration (10 mg/l) of nano-ZnO at pH 4.5. These data 
show that uncoated nano-ZnO can display a stronger toxicity than coated nano-ZnO. 
It has been concluded based on previous studies that toxicity of coated nano-ZnO 
can be different from that caused by uncoated nano-ZnO due to enhanced 
distribution in matrices (Posthumus et al., 2004; Hong et al., 2006; Tang et al., 2006; 
Hong et al., 2009; Mallakpour and Madani, 2012; Maschhoff et al., 2014), greater 
penetration ability caused by smaller size (i.e. less aggregation) (Huang et al., 2008; 
Leite-silva et al., 2013), decrease in release of Zn ions (Wiench et al., 2009; Guo et 
al., 2009; Yin et al., 2010; Waalewijn-Kool et al., 2013) and its hydrophobic or 
hydrophilic character (Waalewijn-Kool et al., 2013). All of these characteristics 
depend on the specific type of coating material used (Yin et al., 2010; 
Waalewijn-Kool et al., 2013). According to the supplier of our nano-ZnO (US 
Research Nanomaterials, Inc), silane coupling agent is hydrophobic, and the formed 
silanol groups, which chemically bond to ZnO, are stable in inorganic matrices 
(Wang et al., 2011) such as Hutner’s medium. Moreover, no toxicity was found at 
pH 8, suggested that no negative effect was caused by either uncoated nano-ZnO or 
silane coupling agent. Thus, in our study, it is less likely that the coating material 
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itself caused nano-ZnO toxicity. Because all experiments in this study were carried 
out in magentas with a fixed amount of medium, better dispersion through the 
environment can be disregarded as a factor causing increased toxicity. One possible 
explanation for the difference in toxicity between KH550-coated and uncoated 
nano-ZnO used in our study is particle dissolution and the release of Zn ions. This is 
shown in Figure 1, release of Zn ions from coated nano-ZnO was slower, and 
throughout the duration of the experiment, Zn-ion concentrations of which were 
considerably lower. According to the supplier and our own measurement, the 
percentages of Zn in both types of nano-ZnO are almost the same. Thus, the decrease 
in the release of Zn ions is likely due to the coating preventing nano-ZnO 
dissolution, resulting in reduced Zn-ion content after 7-days suspension in medium. 
These data agreed with Waalewijn-Kool et al., (2013), who observed less Zn ions 
released from coated nano-ZnO than from uncoated nano-ZnO. As released Zn ions 
have been shown to be the main reason for nano-ZnO toxicity on Lemna minor 
grown on half-strength Hutner’s medium (see Chapter II), it is likely that a reduction 
in Zn ions release will lead to the loss of toxicity. The question is whether a small 
difference in Zn ions content (8 versus 4.5 mg/l, Figure 1b) can explain the observed 
difference in toxicity. Interpreting data by Lahive et al., (2011), a concentration of 8 
mg/l Zn ions inhibited Lemna minor biomass growth by 50%, while a concentration 
of 4.5 mg/l inhibited growth by just 30%. Thus, the loss in toxicity of coated 
nano-ZnO on Lemna minor can potentially be caused by coating-prevented Zn ions 
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release. Nevertheless, Lahive et al., (2011) found a greater inhibitory effect 
compared to this study. The most likely explanation is that the Zn ions in the study 
by Lahive (1 and 10 mg/l) were added at the start of experiment, while in this study 
the content of Zn ions gradually increased to a steady state during exposure time. 
Still, this study indicates that a major factor in the decreased toxicity of coated 
nano-ZnO, compared to uncoated nano-ZnO, is the slower release of Zn ions. 
However, other particle-related factors that can interfere with nanoparticle toxicity, 
such as shape (Oberdörster et al., 2005), size (Chithrani et al., 2006), surface area 
(Yin et al., 2010), as well as Zeta-potential (Greenwood and Kendall, 1999; Molina 
et al., 2011; Hanaor et al., 2012), cannot really be excluded. A significant difference 
in toxicity was found for two endpoints (relative biomass growth rate and Fv/Fm). It 
is possible that biomass production is the most sensitive parameter in plants exposed 
to Zn ions from nano-ZnO. Indeed, we showed that the IC50 value for growth is the 
lowest of all organismal parameters (see Chapter II). Fv/Fm values represent the 
maximum efficiency of photosystem II (Maxwell and Johnson, 2000), and according 
to our previous study (see Chapter II) released Zn ions from nano-ZnO exerted a 
rapid, negative effect on photosystem II, and this could be measured long before 
effects on other endpoints (biomass, frond number, root length) are visible. That is to 
say that when plants were exposed to Zn ions, decreases in Fv/Fm value were visible 
immediately, while it took longer to show this stress morphologically, in which case, 
plant remained superficially “healthy”. 
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Further risk assessment of coated nano-ZnO 
Experiments in our study were all conducted in an indoor growth room. Such a 
controlled approach may not be able to reveal the actual toxicity mechanism in the 
complex natural world. Therefore, it is necessary to carry out parallel studies in the 
natural world or with conditions close to those in the natural world. Further 
investigations should also be done on multiple species. An important question is 
whether future risk assessments need to take nanoparticle coatings in consideration, 
or whether it is enough to study impacts of the actual particle. The published 
literature (General Introduction), as well as the results of this study, show that 
toxicity of nano-ZnO depends on the coating present. Moreover, the biological 
impact of nanoparticle is pH dependent, indicating that the same particle may have a 
different impact depending on the physicochemical characteristics of the 
environment. All of which, as well as possible combined effects, should be taken 
into consideration when assessing the risk of coated nano-ZnO. 
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Abstract 
 
Because of the application of nano-ZnO in products such as cosmetics, drugs and 
paints, nano-ZnO will inevitably enter into the natural world. Therefore, the 
environmental toxicity of nano-ZnO has drawn a lot of attention from researchers. 
This study is mainly about the detection of nano-ZnO induced ROS formation and 
the investigation of the impact of nano-ZnO induced ROS on Lemna minor. Results 
show that, at pH 8.0 and in half-strength Hutner’s medium without phosphate (-p 
medium): 1) H2O2 formation was detected in vitro, in medium without plants; 2) 
Inhibitory effects were found in endpoints (relative biomass growth rate, root length, 
frond number and Fv/Fm value), although there were no released Zn ions under the 
used growth conditions; 3) Total Antioxidant Capacity (TAC) of plant was decreased 
(shown as reduced TEAC value and increased MDA content); 4) Hydrogen peroxide 
was found in plants (DAB staining). It was concluded that nano-ZnO catalysed the 
formation of H2O2 in half-strength Hutner’s medium at pH 8 and without phosphate, 
and that this causes toxicity to Lemna minor. 
 
Introduction 
 
Owing to their possession of unique properties (e.g. catalytic efficiency, strong 
absorption ability, wide band gap), nano-ZnO have become the ideal material for 
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many applications such as solar cells (Gal et al., 2000), varistors (Shi et al., 2003), 
bioimaging systems (Wu et al., 2007), piezoelectric devices (Wang, 2009), 
cosmetics (Vigneshwaran et al., 2006), sensors (Corso et al., 2008), antireflective 
coatings (Lü et al., 2007) and antibacterial soaps and gels (Zhang et al., 2007; Jin et 
al., 2009). These applications increase human and environmental exposure to 
nano-ZnO, making it essential to assess potential nano-ZnO toxicity. An important 
aspect on nanoparticle toxicity is ROS formation, either by the nanoparticles 
themselves, or indirectly because of nanoparticle induced disruptions of cellular 
metabolism. This Chapter is about nano-ZnO induced ROS formation, as well as the 
effect of these ROS on Lemna minor. 
 
Reactive Oxygen Species (ROS) and Total Antioxidative Capacity (TAC) 
Reactive Oxygen Species (ROS) is a term used in biological science to include a 
broad range of reactive, oxygen containing molecules such as hydrogen peroxide 
(H2O2), singlet oxygen, superoxide and hydroxyl radicals (Milone et al., 2003). In 
plants ROS are mainly produced as by-products of many metabolic and 
physiological processes that are localized in different cellular compartments 
(Halliwell, 2001; Dringen, 2005; Halliwell and Gutteridge, 2011). Organelles (e.g. 
chloroplast, mitochondria and peroxisomes) with oxidizing metabolic activity or 
with electron transfer systems are main ROS producers (Alscher et al., 1997). 
Besides, the imposition of biotic (e.g. pathogen attack) and abiotic stress (e.g. salt, 
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UV, drought, heavy metals, air pollutants) can also enhance the amount of ROS in 
plants (Alscher and Hess, 1993; Foyer and Mullineaux, 1994; Dangl et al., 1996; 
Hammond-Kosack and Jones 1996; Hideg et al., 2013), for example, Hideg et al., 
(2013) reported that high level UV-B caused distress in plants which further led to 
increase in ROS. Under physiological steady state conditions, the amount of ROS in 
cells is strictly controlled by redundant protective mechanisms (Shulaev and Oliver, 
2006). Mostly, the antioxidant capacity of cells is sufficient to maintain the original 
balance between ROS production and scavenging, thus establishing redox 
homeostasis. This balance is easily disrupted in plants under growth limited 
environmental conditions, when ROS level can rise very substantially (Van 
Breusegem and Dat, 2006). ROS can be harmful to cells, and negatively affect 
cellular functions by damaging nucleic acids, oxidizing proteins, and causing lipid 
peroxidation (LPO) (Foyer and Noctor, 2005). To prevent these harmful reactions, 
ROS in plant cells are scavenged by enzymatic and non-enzymatic antioxidative 
defense mechanisms (Foyer and Noctor, 2005). Total antioxidant capacity (TAC) of 
plant is the term used to describe the ability of antioxidants to scavenge ROS in plant 
cells. The chemical basis of TAC is the accumulation of plant antioxidants (e.g. 
carotenoids, flavonoids, ascorbate and glutathione). In general, TAC is decreased in 
conditions of severe oxidative stress, although TAC may increase if plants are 
exposed to low, sub-lethal concentrations of stressors (Woodford and Whitehead, 
1998). Therefore, measurements of TAC give information on stress and/or stress 
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acclimation. Most measurements of the total antioxidant capacity measure only 
non-enzymatic antioxidants (Young, 2001), but not enzymes such as superoxide 
dismutase (SOD), catalase (CAT), peroxidase (POD), ascorbic acid (ASA) and 
glutathione (GSH). A commonly applied assay for TAC measurement is the ABTS 
assay. In this assay, the ABTS radical is first generated and the antioxidant activity 
of a sample against the radical is subsequently measured.  
 
Nano-ZnO induced ROS formation 
Many studies have reported that nano-ZnO can induce formation of ROS, which can 
cause damage to test materials. For example, researchers have found enhanced 
nano-ZnO toxicity in the presence of light and this has been speculated to be caused 
by photo-induced ROS formation (Adams et al., 2006; Lipovsky et al., 2009; Ma et 
al., 2012; Ma et al., 2014). ROS formation is caused by the wide band gap energy of 
nano-ZnO. Any photon that has a greater energy than the band gap energy can 
promote electrons from the valence bands of NPs to conduction bands. Free 
electrons are then yielded from these conduction bands, reducing oxygen, and 
causing production of ROS (Ma et al., 2012). Given the ready formation of ROS by 
nano-ZnO, the question arises to what extent this contributes to overall nano-ZnO 
toxicity. 
 
Objectives 
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This study set out to: 
• Detect nano-ZnO induced ROS formation in half-strength Hutner’s medium 
(ABTS test) 
• Quantify the oxidative stress caused by nano-ZnO induced ROS in Lemna 
minor (MDA tests) 
• Localise nano-ZnO induced hydrogen peroxide in Lemna minor (DAB staining) 
• Determine the impact of nano-ZnO induced ROS formation on Lemna minor 
(Relative biomass growth rate, root length, frond number and Fv/Fm) 
 
Material and methods 
 
Each experiment in this study had four independent replicates. 
 
Detection of ROS formation in medium 
Table 1 gives the chemical components in half-strength Hutner’s medium. 
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Table 1. The four stock-solutions making up Hutner’s medium (OECD, 2002) 
Solution 1 KNO3, Ca(NO3)2·4H2O 
Solution 2 MgSO4·7H2O 
Solution 3 KH2PO4 
Solution 4 Ferric citrate, Na2EDTA, H3BO3, MnSO4·H2O, ZnSO4·7H2O, 
CuSO4·H2O, Na2MoO4·2H2O 
 
Light mediated ROS formation in medium containing nano-ZnO was visualized 
using the ABTS assay. Light conditions were 50 µmol/m2/s for intensity and 15 min 
for exposure time. Horseradish Peroxidase enzyme was present to catalyse ABTS 
(10 mM) oxidation by ROS. Increased absorbance of ABTS at 730 nm was taken as 
an indicator of ROS. 200 mg/l. Nano-ZnO was added to following media (pH = 8) to 
study ROS formation 
• Complete half-strength Hutner’s medium 
• Solution 1  
• Solution 2 
• Solution 3  
• Solution 4  
• Distilled water 
A positive control included additional hydrogen peroxide (100 mM). Experiments of 
ROS detection were carried out using sterile 15 ml PP tubes with caps. After 15 
minutes of light exposure, all tubes were centrifuged for 5 min at 13300 rpm (= 
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12500 g, room temperature) to precipitate particles and possible sediment, after 
which absorbance was measured at 730 nm. 
 
Plant material and experimental conditions (more detail see Chapter II) 
Lemna minor was sourced from a pond in Blarney, Co. Cork, Ireland.  
Magentas containing 250 ml pH = 8 medium and 4 L. minor colonies, each with 3 
fronds, were prepared. Two types of medium (complete medium and medium 
without phosphate [i.e. without stock solution 3]) were supplemented with 0 mg/l 
and 10 mg/l nano-ZnO (see Table 1 for information on stock solutions). Nano-ZnO 
were added after medium autoclaving and adjustment of the pH. Colonies were 
exposed to nano-ZnO for 7 days (OECD, 2002), after which endpoints and Total 
Antioxidant Capacity (TAC) were measured.  
 
Table 2. Lemna minor experimental conditions 
Medium 
Intensity of 
light 
(µmol/m2/s) 
Temperature 
(°C) 
Light 
cycle 
pH of medium 
(after 
autoclaving 
and adjusting) 
Complete medium/-p 
medium 
50 21±2 
24hr 
light 
8.0 
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ZnO nanoparticles 
Nano-ZnO (20 nm) used in this study was purchased from Degussa AG, Germany. 
Key physico-chemical characteristics of these particles are given in Table 3. 
 
Table 3. Particle characterization (Juhel, unpublished data) 
Nominal size <100 nm 
Shape 
Spherical to triangular to 
rectangular 
Average size (TEM) 25.9 ± 7.8 nm 
Zeta-potential (NPs suspended in distilled water) -48.06 mV 
Zeta-potential (NPs suspended in half-strength Hutner’s 
medium) 
-12.13 mV 
Hydrodynamic diameter (NTA: Nanosight at start of 
experiment in half-strength Hutner’s medium) at 150 ppm 
(mg/l) 
197.8 ± 40.6 nm 
Hydrodynamic diameter (NTA: Nanosight at start of 
experiment in duckweed medium) at 10 ppm (mg/L) 
198.6 ± 39 nm 
TEM: Transmission Electron Microscopy. NPs: nanoparticles 
 
The concentration range was 0, 10 mg/l for toxicological test with plants, and 2000 
mg/l for the ABTS test with medium. 
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Endpoints 
 
Biomass 
Before each test, the initial weight of 4 representative colonies, each with 3 fronds, 
was determined. At the end of the experiment, the biomass of each sample was also 
determined. Plants were collected, placed on absorbent paper to remove surface 
water and their fresh biomass was measured on a mass balance (OHAUS Explorer 
Pro, EP64, Switzerland). This was compared to the initial biomass and relative 
biomass growth rate was calculated: 
     µ = (ln bt – ln bo) / (t - to)   
Where, bt = final biomass and bo = initial biomass (OECD, 2002), t = date of the end 
of exposure and t0 = date of the start of exposure. 
 
Root length and frond number 
5 colonies were randomly selected from each treatment, placed on a filter paper and 
roots were gently pulled straight, and length (mm) was measured using a ruler. The 
number of fronds in each replicate was counted and recorded.  
 
Chlorophyll a fluorescence 
Fv/Fm was measured using a modulated, imaging fluorometer equipped with 
ImagingWin software (PAM, Effeltrich, Germany). Plants were dark-adapted for 
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15-20 minutes. Three colonies were randomly selected from each replicate and 
surface water was removed on absorbent paper. The colonies were then placed on 
damp filter paper on the fluorometer-stage. A weak measuring light (< 1 µmol/ m2/s) 
was used to determine Fo, the minimum fluorescence obtained in the dark-adapted 
state. Maximum fluorescence (Fm) was determined for the dark-adapted state by 
applying a saturating pulse of white light (Marwood et al., 2001). The maximum 
quantum efficiency of photosystem II (PSII) was then calculated as: (Fm - Fo)/Fm = 
Fv/Fm (Fv = variable fluorescence). 
 
Measurements of Total Antioxidant Capacity (TAC), oxidative damage and 
localization of hydrogen peroxide in Lemna minor treated with nano-ZnO 
All chemicals used in this part were purchased from Sigma. 
An ABTS assay was used for TAC measurement. A mixture of ABTS (10 mM), 
sodium phosphate buffer (50 mM, pH = 6.0), hydrogen peroxide (100 mM) and POD 
was prepared and kept at room temperature for 15 minutes to fully oxidize all ABTS. 
Plant extraction was as follows: 50 mg sample biomass was pestled at room 
temperature for 1 minute with 2 ml 70% ethanol. The homogenate was centrifuged at 
13300 rpm (= 12500 g), 4 °C for 10 minutes, as detailed by Erel (2004). A mixture 
of 9700 µl 50 mM, pH=6.0 sodium phosphate buffer + 100 µl 10 mM ABTS solution 
+ 100 µl 100 mM H2O2 + 100 µl 0.25 mM peroxidase enzyme, was prepared and 
kept at room temperature for 15 minutes to fully oxidise all ABTS 
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(2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid). The prepared working 
solution was used within one day. A volume of 25 µl plant extract plus ethanol was 
added to 950 µl “working solution”, mixed and absorbance was taken at 730 nm. 
The TEAC (Trolox equivalent antioxidant capacity) value of the samples tested was 
expressed as an equivalent of the mmol concentration of Trolox solution. 
MDA assay was used to determine the oxidative damage caused by nano-ZnO in 
Lemna minor. 30 mg tissue was homogenized on ice in 900 µl of the MDA Lysis 
Buffer (with 3 µl BHT (100X), and centrifuged (13,000 g, 10 min) to remove 
insoluble material. 600µl TBA reagent was added to each 200µl sample and the 
mixture was incubated at 95°C for 60 min. Following cooling to room temperature, 
200 µl from each reaction mixture was pipetted into a 96-well microplate and 
absorbance was taken at 532 nm. An MDA standard curve was run for calibration 
purposes. Measurements were carried out according to the technical bulletin 
provided by Sigma.  
DAB staining was used to localize hydrogen peroxide in nano-ZnO treated Lemna 
minor, as detailed by O’Brien and Daudi (2012). Randomly selected colonies were 
placed in 24-well micro plates with 2 ml 10 mM Na2HPO4 DAB staining solution. 
Plates were covered with aluminium foil and placed on a standard laboratory shaker 
for 4-5 h at 80-100 rpm shaking speed. Following the incubation, the DAB staining 
solution with bleaching solution (ethanol: acetic acid: glycerol = 3: 1: 1), and the 
24-well plates were placed in a boiling water bath (~90-95 °C) for 15 min until 
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chlorophylls was totally bleached. After boiling, bleaching solution was replaced 
with fresh solution and the samples were allowed to stand for 30 min. DAB staining 
was studies under a light microscope. 
 
Data analysis 
Dose-response curves were constructed in Excel 2010. Relative responses were 
expressed as means ± standard errors which were calculated using Excel 2010. 95% 
confidence limits, based on quintiles, were calculated using the software Prism 5.01. 
Differences between treatments in each endpoint were analysed using Minitab 12.21, 
ANOVA 2-sample T-test (p < 0.05). 
 
Result 
 
In this chapter, two distinct types of experiments are described: 1) ROS formation by 
nano-ZnO suspended in half-strength Hutner’s medium; 2) ROS formation in Lemna 
minor and the consequences thereof for growth. Results for the first type of 
experiment are shown in Table 4 and Table 5. Distilled water (DW), complete 
medium (CM) and “-p medium” with peroxidase enzyme (POD) and ABTS were 
regarded as standard controls (bolded numbers). Positive controls were set up by 
adding H2O2 to standard controls (underlined numbers). H2O2 oxidises ABTS, 
forming blue-green coloured ABTS+, which will absorb at 730nm. Absorbance at 
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730 nm (A730) of solutions 1, 2 and 4 supplemented with nano-ZnO were increased 
compared to their controls. However, A730 of solution 3 remained the same as its 
control (Table 4, bold numbers), despite addition of nano-ZnO. This means that ROS 
formation was detected in all solutions with added nano-ZnO suspension, except for 
solution 3. Based on these data, solution 3 was left-out from Hutner’s medium (i.e. 
medium was now comprised of solutions 1, 2 and 4) and under these conditions ROS 
formation was detected (Table 5). The main difference between medium without 
solution 3 and complete medium is phosphate, which is excluded in the former, the 
new mixture of solutions was named “-p medium”, “-p” means “phosphate 
excluded”.  
Building on these results, ROS formation induced by nano-ZnO was analysed 
(bolded and underlined numbers) in three different types of medium (Distilled water, 
complete medium and -p medium). From the result we can see that, compared to 
relevant positive controls, there was no oxidation of ABTS in complete medium with 
POD and ABTS, but without nano-ZnO. This implies that medium itself is not able 
to oxidise ABTS. When nano-ZnO was suspended in complete medium at pH = 8, 
ABTS oxidation was almost the same as in the standard control without nano-ZnO. 
This suggests that no H2O2 was formed in complete medium with added nano-ZnO. 
However, when complete medium were replaced by distilled water, ABTS oxidation 
(ΔA730 = 0.2045) was much stronger than in its standard control (ΔA730 = 0.033), 
although still lower than its positive control with added H2O2. When nano-ZnO were 
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suspended in pH = 8 medium without solution 3, absorbance at 730 nm increased 
dramatically, indicating oxidation of ABTS, which implies H2O2 generation is being 
generated in “-p medium” with added nano-ZnO. 
Table 4. Result of ABTS test on nano-ZnO suspended in pH 8 solution 1, 2, 3 and 4 
separately. 
Treatments Change in absorbance at 730 nm/15 min 
Solution 1 (S1) 0.001 
S1+POD+ABTS 0.027 
S1+POD+ABTS+H2O2 0.693 
S1+POD+ABTS+nano-ZnO 0.054 
Solution 2 (S2) 0.001 
S2+POD+ABTS 0.032 
S2+POD+ABTS+H2O2 0.956 
S2+POD+ABTS+nano-ZnO 0.118 
Solution 3 (S3) 0.002 
S3+POD+ABTS 0.007 
S3+POD+ABTS+H2O2 0.324 
S3+POD+ABTS+nano-ZnO 0.006 
Solution 4 (S4) 0.002 
S4+POD+ABTS 0.016 
S4+POD+ABTS+H2O2 1.149 
S4+POD+ABTS+nano-ZnO 0.109 
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Table 5. Result of ABTS test on nano-ZnO suspended in distilled water, complete 
medium and medium without solution 3. 
Treatments Change in absorbance at 730 nm/15 min 
pH=8 Distilled Water (DW) 0.003 
DW+POD+ABTS 0.032 
H2O2+DW+POD+ABTS 0.499 
nano-ZnO+DW+POD+ABTS 0.205 
pH=8 Complete medium 
(CM) 0.002 
CM+POD+ABTS 0.021 
H2O2+CM+POD+ABTS 0.119 
nano-ZnO+CM+POD+ABTS 0.020 
pH=8 -p medium 0.003 
-p medium+POD+ABTS 0.014 
H2O2+-p 
medium+POD+ABTS 0.573 
nano-ZnO+-p 
medium+POD+ABTS 0.137 
 
A more vivid way to show the oxidation of ABTS in pH = 8 suspension with 
nano-ZnO and “-p medium” is shown in picture 1. Due to the oxidation of ABTS, 
medium had a blue-green colour (left), while the control remained transparent. 
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Picture 1. Difference in colour of –p medium exposed to nano-ZnO at pH 8. Left: 
H2O2 + “-p medium” + POD + ABTS + light; middle: nano-ZnO + “-p medium” + 
POD + ABTS + light; right: “-p medium” + POD + ABTS + light. 
 
Determination of the impact of “direct nano-ZnO induced ROS formation” on 
Lemna minor 
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Organismal endpoints 
It can be seen in Figure 1 that there was almost no change in organismal endpoints 
when plants were exposed to 0 or 10 mg/l nano-ZnO in complete medium at pH 8. In 
contrast, dramatic decreases were found in all organismal endpoints when there was 
no solution 3 in the medium. Decreases in relative biomass growth rate (T = 25.77, p 
< 0.01), root length (T = 8.58, p < 0.01) and frond number (T = 9.16, p < 0.01) of 
plants growth in “-p medium” supplemented with 10 mg/l nano-ZnO were 
significant. When there was no nano-ZnO, no difference was found between 
complete medium and “-p medium” (p > 0.05) in all organismal endpoints. In the 
presence of 10 mg/l nano-ZnO, there were significant differences in relative biomass 
growth rate (T = 33.91, p < 0.01), root length (T = -3.30, p < 0.05) and frond number 
(T = 8.63, p < 0.01) between plants growth in either type of medium. 
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Figure 1. Relative biomass growth rate (/day), root length (mm) and frond number 
of Lemna minor exposed to pH = 8 in complete medium, or medium without 
phosphate (-p medium) with 0 mg/l and 10 mg/l nano-ZnO for 7 days. Star above 
bars indicates a significant difference (p<0.05). SE is shown. 
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Maximum efficiency of photosystem II 
The Fv/Fm value of plants grown on complete half-strength Hutner’s medium (pH = 
8) remained close to 0.7, irrespective of the addition of nano-ZnO (0 or 10 mg/l). 
However, the Fv/Fm value of plants grown on –p medium decreased to a high-stress 
level (around 0.5), when plants were exposed to 10 mg/l nano-ZnO. This suggests 
that Lemna minor was less healthy when exposed to a combination of “-p medium” 
and nano-ZnO together. There was no significant difference in Fv/Fm value of plants 
grown with or without nano-ZnO suspended in complete medium (p > 0.05). A 
significant difference was found in Fv/Fm value of plants grown on “-p medium” 
treated with or without 0 and 10 mg/l nano-ZnO (T = 44.80, p < 0.01). A significant 
difference was also found in Fv/Fm value of plants grown on either type of medium 
(complete medium or “-p medium”) with 10 mg/l nano-ZnO at pH 8 (T = 11.00, p < 
0.01). 
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Figure 2. Fv/Fm value of Lemna minor exposed to pH = 8 complete 
medium/medium without solution 3 (-p medium) with 0 mg/l and 10 mg/l nano-ZnO 
for 7 days. Star above bars indicates a significant difference (p<0.05). SE is shown. 
 
ABTS test 
The ABTS [2, 2-azinobis-(3-ethyl- benzothiazoline-6-sulfonic acid)] assay has been 
applied to measure the Total Antioxidant Capacity (TAC) of samples (Re et al., 
1999). The basic principle of this method is that ABTS (colourless or light green in 
its reduced form) is firstly oxidised by the couple of “hydrogen peroxide + 
peroxidase enzyme” (Laight et al., 1999) to generate blue-green ABTS+. 
Subsequently, the oxidised ABTS+ will be mixed with cell extracts and the 
re-reduction of ABTS will be measured. Thus, antioxidants and other cellular 
substances that can be oxidized, will facilitate the reduction of ABTS+ (Erel, 2004). 
Stress acclimated samples will typically contain elevated levels of cellular 
antioxidants. Figure 3 shows the Total Antioxidant Capacity (TAC) test on plants 
exposed for 7 days to pH = 8 complete half-strength Hutner’s medium or “-p 
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medium” with 0, 10 mg/l nano-ZnO. Higher TEAC values indicate higher TAC. In 
our result, no significant change in TEAC was found in plants grown on complete 
medium with added nano-ZnO suspension. However, a noticeable decrease in TEAC 
was seen when complete medium was replaced by “-p medium”. When there was no 
added nano-ZnO, no significant difference in TEAC value was found between plants 
grown on either of two types of medium. Also no significant difference was found in 
TEAC value of plants exposed to complete medium with or without nano-ZnO (p > 
0.05). There was a significant difference in TEAC value of plants grown on either 
type of medium and with 10 mg/l nano-ZnO (T = 3.96, p = 0.05). Similarly, a 
significant difference was found in TEAC value of plants exposed to “-p medium” 
with or without nano-ZnO (T = 9.16, p < 0.01). 
Figure 3. TEAC value of Lemna minor exposed to complete medium/-p medium 
with nano-ZnO (0, 10 mg/l) at pH 8 for 7 days. Star above bars indicates a 
significant difference (p<0.05). SE is shown.  
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Lipid peroxidation is an oxidative peroxidation on polyunsaturated fatty acids by 
ROS. This results in the production of two aldehydic secondary products: 
4-hydroxynonenal (4-HNE) and malondialdehyde (MDA) (Hartley et al., 1999), 
which are generally regarded as markers for oxidative stress (Shulaev and Oliver, 
2006; Del et al., 2005). When plants were grown on complete medium, MDA 
content remained the same no matter whether nano-ZnO were added (Figure 4). But 
when plants were grown in “-p medium”, the MDA content of plants increased from 
0.03 nmol/mg, where there was no added nano-ZnO, to around 0.04 nmol/mg, where 
the concentration of nano-ZnO was 10 mg/l. Nano-ZnO addition caused no 
difference in MDA content of plants grown on complete medium (T = -0.39, p > 
0.05) Also no difference was found in MDA content of plants treated without 
nano-ZnO (T = 2.58, p > 0.05). The difference in MDA content of plants grown on 
“-p medium” with 0 and 10 mg/l nano-ZnO was significant (T = -12.61, p < 0.01), as 
well as the difference for plants grown in both types of medium with 10 mg/l 
nano-ZnO (T = -14.27, p < 0.01). 
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Figure 4. MDA content (nmol/mg) of Lemna minor exposed to complete medium/-p 
medium with nano-ZnO (0, 10 mg/l) at pH 8 for 7 days. Star above bars indicates 
significant difference. SE is shown. 
 
DAB staining 
Hydrogen peroxide oxidises DAB in the presence of haem-containing proteins, 
forming a dark-brown sediment, which can be used to detect and localise hydrogen 
peroxide in plant (O’Brien and Daudi, 2012). A positive control (Picture 2a) of DAB 
staining shows plants exposed to H2O2 and soaked in DAB solution, with 
dark-brown sediment in cell walls, which was observed by light microscope. In 
Picture 2b, CM-0 and CM-10 represent complete medium treatments with 0 mg/l and 
10 mg/l nano-ZnO, respectively. NS-0 and NS-10 represent “-p medium” treatments 
with 0 mg/l and 10 mg/l nano-ZnO, respectively. Under treatments CM-0, CM-10 
and NS-0, no stained sediments were observed, while under treatment with “-p 
medium” and 10 mg/l nano-ZnO, several dark-brown areas were found. A magnified 
image (Picture 2c) shows that brown parts were in cell walls, which matches well 
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with the positive control, implying that the interaction of “-p medium” and 
nano-ZnO caused formation of H2O2 in, or between, cell walls of treated plants. 
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Picture 2. DAB staining of Lemna minor exposed to complete medium/-p medium 
with nano-ZnO (0, 10 mg/l) at pH 8 for 7 days. a: plant soaked in 3% hydrogen 
peroxide for 4 hours (positive control); b: CM-0 represents plant exposed to 
complete medium with 0 mg/l nano-ZnO, CM-10 represents plant exposed to 
complete medium with 10 mg/l nano-ZnO, NS-0 represents plant exposed to “-p 
medium” with 0 mg/l nano-ZnO, NS-10 represents plant exposed to “-p medium” 
with 10 mg/l nano-ZnO; c: enlarged picture of NS-10. 
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Discussion 
 
ROS formation is an important aspect of nanoparticle toxicity. ROS can be induced 
by nanoparticles themselves, or result from NPs-caused cellular damage (Foyer and 
Noctor, 2005). This chapter describes nano-ZnO induced ROS formation, as well as 
the impact on Lemna minor thereof. 
 
Induced ROS formation 
Due to their large band gap energy, nano-ZnO tend to be easily activated by light of 
certain wavelengths, causing ROS formation (Ma et al., 2012). Many studies have 
reported nano-ZnO toxicity on organisms, most of them have attributed the 
mechanism of toxicity to nano-ZnO induced ROS formation (Kumari et al., 2011; 
Lipovsky et al., 2011; Kim and An, 2012; Sharma et al., 2012; Dutta et al., 2012; Yu 
et al., 2013; Lee et al., 2013; Shen et al., 2013). Media used in these studies include: 
1) For plants, half-strength Hoagland solution (Lee et al., 2013) and Milli-Q water 
(ultrapure water) (Kumari et al., 2011); 2) For microbes, LB medium (Lysogeny 
Broth) (Kim and An, 2012; Dutta et al., 2012) and Nutrient Agar (Lipovsky et al., 
2011); 3) For animals and humans, Eagle's minimal essential medium (Yu et al., 
2013), Roswell Park Memorial Institute medium (Shen et al., 2013) and complete 
minimum essential medium (Sharma et al., 2012). All of these media contain water 
and the pH ranges from 7.0 to 8.0. According to Ma et al., (2012), this make it 
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possible for nano-ZnO to induce ROS formation. The medium used in this study was 
half-strength Hutner’s medium, with a pH of 8. This medium was made with 
essential elements (Table 1) and distilled water. In ex-situ experiments, the light used 
was Photosynthetically Active Radiation (PAR) light with an intensity of 50 
µmol/m2/s (1710 µW/cm2). This intensity is sufficient to activate nano-ZnO 
(Fujishima et al., 2000). Therefore, it is reasonable to expect ROS formation under 
this condition. However, we did not find ROS in the medium. After several tests on 
combinations of solutions, induced ROS formation was detected in medium without 
phosphate (-p medium), this means that if there was no phosphate in the medium, 
ROS formation was detected. As a common inorganic chemical, phosphate is 
unlikely to possess properties that may interfere with the formation of ROS. Indeed, 
all standard ABTS assays are based on the use of phosphate containing buffers. A 
recent study by Song (2012) reported that phosphate ions decreased the adsorption of 
Bovine Serum Albumin (BSA) on the surface of oxide NPs. Thus, one reason that 
phosphate suppresses nano-ZnO induced ROS formation might be by altering 
particle surface characteristics. However, this requires further research. 
 
Effect of nano-ZnO induced ROS 
We exploited the finding that ROS were generated by nano-ZnO in “-p medium” at 
pH 8 under light. To analyze the contribution of such ROS to toxicity. Lemna minor 
was exposed to nano-ZnO suspension in pH 8 “-p medium” for 7 days, after which 
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growth parameters (biomass, root length and frond number) and maximum 
efficiency of photosystem II (Fv/Fm) were measured to assess the effect of 
nano-ZnO induced ROS. When plants were exposed to “-p medium”, no difference 
was found for all endpoints compared to plants exposed to complete medium, this 
suggests that the absence of phosphate did not affect the growth and photosynthesis 
of Lemna minor during 7 days. However, in the presence of nano-ZnO, there was a 
significant increase of toxicity in “-p medium” (p < 0.01) when compared to 
complete medium. Many researchers have reported the effect of nano-ZnO induced 
ROS. Negative effects were found on buckwheat (Fagopyrum esculentum) (Lee et 
al., 2013), bacteria (Lipovsky et al., 2011; Dutta et al., 2012; Kim and An, 2012), 
water flea (Daphnia magna) (Ma et al., 2014), human liver cells (Sharma et al., 
2012) and T cells (Hanley et al., 2008). Results in our study also showed negative 
effects of nano-ZnO on Lemna minor, and these were most likely caused by 
nano-ZnO induced ROS. We found a decreased biomass growth rate, shortened root 
and reduced frond number, which indicates that growth of Lemna minor was 
inhibited. Our results are in agreement with those by Lee et al., (2013), who also 
found decreases in biomass and root length of buckwheat exposed to half-strength 
Hoagland solution (pH = 7) with 1000 mg/l and 2000 mg/l nano-ZnO. Besides, a 
reduction in photosynthetic efficiency was detected in plants exposed to “-p 
medium” (Figure 2). Our results suggest that nano-ZnO induced ROS formation 
negatively affects growth and photosynthesis of Lemna minor. Elevated ROS 
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formation that disturbs the cellular antioxidant system leads to oxidative stress which 
causes damage to lipid and proteins (Lovric et al., 2005; Xia et al., 2006). Oxidative 
stress caused by nano-ZnO induced ROS was revealed as decreased Fv/Fm values. 
The Fv/Fm value of Lemna minor exposed to pH 8 “-p medium” with 10 mg/l 
nano-ZnO suspension (Figure 2), declined from around 0.75 to 0.55. A plant is 
regarded as photosynthetically healthy when the Fv/Fm value is above 0.7. An 
Fv/Fm value below this indicates a lower efficiency of photosystem II (Maxwell and 
Johnson, 2000). Damage to lipids and proteins caused by oxidative stress can result 
in dysfunctional membranes and organelles (Hanley et al., 2008), which inevitably 
impede biomass accumulation, root elongation and frond development of Lemna 
minor. 
 
Quantification of oxidative stress 
Researchers who reported negative effects of nano-ZnO induced ROS also 
quantified oxidative stress by measuring lipid peroxidation (Lin et al., 2008; Sharma 
et al., 2012). Increased lipid peroxidation (marker for oxidative stress), which 
indicates injury of cell membranes, is shown by enhanced concentrations of lipid 
hydroperoxide (Sharma et al., 2012) and TBARS (Lin et al., 2008) respectively. To 
further investigate the possibility of oxidative stress caused by nano-ZnO in plants 
on “-p medium”, we measured both antioxidative defence (TAC) and lipid damage 
(MDA). Increased MDA content (Figure 4) was found in plant exposed to pH 8 “-p 
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medium” with 10 mg/l nano-ZnO. According to Hartley et al., (1999), elevated 
MDA production implies increased lipid peroxidation, which matches well with 
results reported by Lin et al., (2008) and Sharma et al., (2012). Besides lipid 
peroxidation, we also used the ABTS assay to quantify total antioxidant capacity of 
Lemna minor. In this method, the Trolox equivalent antioxidant capacity (TEAC) 
was measured to reveal TAC. Results showed decreased TEAC values for plants 
grown on pH 8 “-p medium” with 10 mg/l nano-ZnO. As lower TEAC value 
suggests lower TAC of tested samples (Erel, 2004; Gao et al., 2011), our results 
indicate that nano-ZnO induced ROS reduced antioxidant capacity of Lemna minor. 
These data support the idea that nano-ZnO induced oxidative stress in Lemna minor 
grown in pH 8 “-p medium”. 
 
Localisation of nano-ZnO induced ROS on Lemna minor 
DAB staining is used to detect and localise hydrogen peroxide in plants (O’Brien 
and Daudi, 2012). H2O2 is revealed as a dark-brown sediment, which can be 
observed by naked eye as well as light microscope. The results show that there was 
no dark brown sediment detected in plants exposed to complete medium with 0 mg/l 
or 10 mg/l nano-ZnO (Picture 2b). Also, no dark brown sediment was found in 
plants grown on “-p medium” with 0 mg/l nano-ZnO (Picture 2b). This suggests that 
there was no ROS production under these conditions, which agrees with measured 
organismal endpoints (Figure 1) and Fv/Fm values (Figure 2). However, H2O2 
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production was detected in plants grown on “-p medium” supplemented with 10 mg/l 
nano-ZnO (Picture 2c). Dark brown sediment was observed between Lemna minor 
cell walls. After comparing DAB staining of plants grown on “-p medium” with 
added 10 mg/l nano-ZnO (Picture 2c) with positive H2O2-treated controls (Picture 
2a) and published studies (Yang et al., 2013), we concluded that hydrogen peroxide 
is mostly localised between cell walls of Lemna minor. This supports the hypothesis 
of nano-ZnO induced ROS formation in Lemna minor grown in pH 8 “-p medium”. 
In conclusion, nano-ZnO induced ROS formation was detected in medium (pH 8) 
without solution 3, i.e. no phosphate. When Lemna minor was grown in pH 8 “-p 
medium” supplemented with 10 mg/l nano-ZnO, it was found that the total 
antioxidant capacity decreased, ROS were found to be located between plant cell 
walls, and furthermore, indicators of oxidative stress to lipids were measured. Thus, 
the data in this chapter show that the environmental conditions (e.g. the chemical 
make-up of the aquatic medium, and specifically phosphate levels) are an important 
determinant of nanoparticle toxicity. The data imply that nano-ZnO are greater 
hazard for organisms living in pristine waters, than for those in eutrophic conditions 
with elevated concentration of phosphate. 
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Overview 
 
In this project, the impact of nano-ZnO on Lemna minor was investigated. Acute and 
chronic nano-ZnO toxicity on Lemna minor were measured using the following 
endpoints: growth rate of biomass, frond number, root length, Fv/Fm, 
non-photochemical quenching, photochemical quenching, yield of photosystem II, 
content of chlorophyll and content of carotenoid (Chapter II). The role of released 
Zn ions from nano-ZnO, as well as the role of nano-ZnO induced ROS formation in 
toxicity were investigated (Chapter II and Chapter III) and the effect of a nano-ZnO 
coating material on toxicity was also studied (Chapter IV). 
 
Nano-ZnO toxicity accumulation 
 
In this study, we used Lemna minor to first investigate the possible toxicity of 
nano-ZnO. Results from both short-term (one week, as suggested by OECD) and 
long-term (6 weeks) tests show that, all endpoints of Lemna minor studied were 
negatively affected by nano-ZnO added to the growth medium. The inhibitory 
effects increased with increasing concentration of nano-ZnO. The inhibitory effects 
of nano-ZnO on Lemna minor growth were much stronger following long-term 
exposure than after short-term exposure to the same concentration. For example, a 
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low concentration of nano-ZnO (e.g. 3 mg/l), which did not significantly inhibit 
plant growth in a short-term test, was found to be toxic (p < 0.01) in a long-term test. 
OECD guidelines (2002) recommended one-week exposure to toxin for standardized 
testing using Lemna minor. Lemna minor fronds, on average, live for 6 weeks 
(Hossell and Baker, 1979; Ashby et al., 1949; Prison and Goellner, 1953). Based on 
the results of this study, it is recommended that future engineered nanoparticles 
(NPs) toxicity tests using Lemna minor last for at least 6 weeks, to yield information 
on chronic, accumulated toxicity. 
 
Influence of environmental parameters on nano-ZnO toxicity 
 
The investigations described in this thesis reveal two main reasons for nano-ZnO 
toxicity: 1) Released Zn ions due to nano-ZnO dissolution, as hypothesized in 
reports (Ji et al., 2011; Kumari et al., 2011; Kim and An, 2012; Ma et al., 2014; 
Waalewijn-Kool et al., 2013; Shen et al., 2013; Jarvis et al., 2013); 2) Nano-ZnO 
induced ROS formation as hypothesized in many reports (Kumari et al., 2011; 
Lipovsky et al., 2011; Sharma et al., 2012; Dutta et al., 2012; Lee et al., 2013; Yu et 
al., 2013; Shen et al., 2013; Ma et al., 2014). However, these two mechanisms 
happen under different conditions. Nano-ZnO toxicity caused by released Zn ions 
only occurs when the pH of medium is lower than 7, typically around 4.5 (Chapter 
II). In contrast, toxicity due to nano-ZnO induced ROS happens when the pH of 
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medium is greater than 7 (under which condition there are almost no released Zn 
ions), and in the absence of phosphate (Chapter IV). Half-strength Hutner’s medium 
is popular for toxicological testing using Lemna spp. (Huang et al., 1993; Brendan et 
al., 1997; Brain and Solomon, 2007; Lahive et al., 2011; Juhel et al., 2011; Santos et 
al., 2013). The original pH of half-strength Hutner’s medium is 4.3-4.7, i.e. 
considerably lower than 7.0. According to OECD guidelines (2002), the pH of media 
used in toxicological testing with Lemna minor should be adjusted to around 6.5. 
Under both pH conditions the nano-ZnO in the media will express toxicity mainly by 
releasing Zn ions (Chapter II). The pH range that is suitable for Lemna minor growth 
is between 3.5 and 10.4 (Landolt, 1986). Thus, it is possible that Lemna minor 
naturally grows in ponds, lakes, and/or streams with a pH higher than 7. In such 
cases, it is hypothesised that Lemna minor growth will not be impeded by excess Zn 
ions released by nano-ZnO. Thus, the experimental pH is an important determinant 
of nano-ZnO toxicity, and currently this is not sufficiently considered in 
OECD-testing guidelines.  
Phosphorus is an essential plant nutrient that is required by all organisms. There are 
naturally small amounts of phosphorus in aquatic and terrestrial ecosystems. 
Phosphate can enter ecosystems as human and animal waste (e.g. sewage), fertilizer 
run-off and as by-product of the phosphate-mining industry (Gilbert, 2009). The 
contcentration of phosphate in the natural world can vary. The phosphorus content of 
half-strength Hutner’s medium used in our study is 93 mg/l, while in the natural 
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environment, the phosphorus contents are much lower: 0.01-0.03 mg P/l for 
uncontaminated, pristine water bodies; 0.025-0.1 mg P/l for water bodies that may 
stimulate plant growth and are slightly eutrophic; > 0.1 mg P/l for water bodies that 
are eutrophic (Brain, 2014). The data in this thesis show that in the absence of 
phosphate, and with a pH greater than 7, toxicity occurs due to nano-ZnO mediated 
ROS (Chapter IV). Thus, it can be hypothesised that when the concentration of 
phosphate is low enough in natural waters (e.g. pristine water), and with a pH higher 
than 7, nano-ZnO toxicity will also be caused by induced ROS formation. Thus, the 
chemical composition of the medium and/or water bodies that receive these 
nanoparticles will determine to some extent the level of nano-ZnO toxicity. 
Therefore, it is important to take environmental parameters such as pH, temperature 
and chemical composition into consideration when investigating nano-ZnO toxicity. 
According to OECD (2002), the growth condition for toxicological testing using 
Lemna spp. should be: pH approximately 6.5; temperature circa 24 0C; light 
intensity between 85 and 135 µmol/m2/s. There are no specific requirements related 
to the chemical make-up of the medium (i.e. phosphate presence). Moreover, besides 
controlled indoor experiments, outdoor experiments for nano-ZnO toxicity testing, 
whereby plants and particles are exposed to the natural world in natural ecosystems 
(e.g. variable temperature, light intensity) are also required. Keller et al., (2013) 
reported the content of engineered nanoparticles (ZnO, Ag, CNT etc.) (2010) in the 
environment. The authors estimated that the annual rate of accumulation of 
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engineered nanoparticles in the soil (80,400 metric tons/year) was over 2 times 
higher than that in water (29,200 metric tons/year). Therefore, except aquatic 
systems, other ecosystems such as soil systems also need to be considered for 
nano-ZnO toxicity testing. Terrestrial plant species should be considered as 
alternative for Lemna minor for studying nano-ZnO toxicity, as they may give data 
of nano-ZnO toxicity due to soil contamination in terrestrial ecosystems. 
 
Role of coating in nano-ZnO toxicity 
 
As most nano-ZnO used in different industries carry surface modifications, the 
impact of silane coupling agent (KH550) coated nano-ZnO on Lemna minor was 
investigated in this study (Chapter III). Results showed that at pH 8 the nano-ZnO 
coated with KH550 was not toxic to Lemna minor. Therefore, it is unlikely that the 
coating material itself is toxic. However, the coating material slowed the dissolution 
of nano-ZnO at lower pH, which resulted in reduced nano-ZnO toxicity on Lemna 
minor. However, the role of the coating material in toxicity is complex. For example, 
nanoparticles are coated with different materials such as aminosilane (Grasset et al., 
2003), aliminate (Fangli et al., 2003), SiO2 (Hong et al., 2006), palladium (Liqiang 
et al., 2004) and TiO2 (Liao et al., 2006). Each coating material may have a different 
impact on toxicity, through direct toxicity of the coating, reduced aggregation or 
reduced dissolution. Therefore, coating (if there is any) should be taken into 
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consideration when assessing NPs toxicity, and the same NPs with different coating 
should be tested separately for toxic effects. Many reports on nano-ZnO toxicity give 
nano-ZnO particle information such as size, related surface area and zeta-potential, 
however, many studies on nano-ZnO toxicity (Ji et al., 2011; Kumari et al., 2011; 
Lipovsky et al., 2011; Kim and An, 2012; Sharma et al., 2012; Yu et al., 2013; Shen 
et al., 2013; Lee et al., 2013; Jarvis et al., 2013; Ma et al., 2014) fail to clarify the 
existence and kind of nano-ZnO coating, which may lead to irriproducible results.  
 
Conclusion 
 
This study investigated the effect of nano-ZnO on Lemna minor. It was found that 1) 
Nano-ZnO were toxic to Lemna minor, and toxicity increases with nano-ZnO 
concentration and exposure time. This suggests that OECD recommended one-week 
exposure for toxicological tests with Lemna minor may not be adequate. 2) The main 
reasons for nano-ZnO toxicity were Zn ions released due to nano-ZnO dissolution 
and nano-ZnO induced ROS formation. 3) Nano-ZnO toxicity can be affected by 
particle characteristics such as a coating, and by environmental factors such as pH 
value and the presence of phosphate in the medium. Based on the results in this 
thesis, it is recommended to: 
• Use longer, chronic exposure times (referring to the life span of test material) 
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• Use indoor experiments (environmental parameters such as pH, chemical 
components medium constant and well-recorded) as well as outdoor 
experiments (varying environmental parameters such as pH, chemical 
components, temperature, light)  
• Consider coating of NPs as this can affect NPs toxicity. Therefore, it is 
important to know the coating material before each test, and to clarify the 
coating material of NPs used in publications. Besides, similar NPs with 
different coatings require separate toxicity tests. 
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